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ABSTRACT: This article examines the physical and me-
chanical characteristics of mixtures of two different syn-
thetic rubbers, namely styrene-butadiene rubber (SBR) and
nitril-butadiene rubber (NBR), with novolac type phenolic-
resin (PH). According to Taguchi experimental design
method, it is shown that the addition of PH increases the
crosslinking density of rubber phase probably due to its
curative effects. Thermal analysis of the blends indicates
that, contrary to NBR/PH blend, thermal stability of SBR/
PH blend is dependent on sulfur content due to predomi-
nant polysulfidic crosslinks formed in SBR. Slight shift in
glass-transition temperature (Tg) of pure SBR and NBR
vulcanizates by the addition of PH suggests that both
SBR/PH and NBR/PH are incompatible blends with a par-

tially soluble PH in the rubber phase. Two-phase morphol-
ogy of the mixtures is also evidenced by scanning electron
microscopy. Correlation of the rubber/PH modulus versus
PH concentration by Halpin-Tsai model shows a deviation
from the model. Presence of PH in the rubber phase is
thought to vary the mechanical properties of the rubber
phase by changing both the crosslinking density and rigid-
ity of the molecular network of the rubber, leading to
misuse of modulus of pure rubber in Halpin-Tsai equa-
tion. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108: 3808–
3821, 2008
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INTRODUCTION

Phenolic-resin (PH) has been the most common poly-
meric binder that is widely used in the composite
friction materials.1–4 This may be due to its low cost,
relatively high heat resistance, i.e., degradation tem-
perature of above 4508C,5 and suitable processability.
However, the widespread use of PH is restricted by
its shortcomings such as brittleness and toxicity.3,6

Thus, it needs to be modified adequately to meet the
required properties for specific applications. For
instance, PH may be modified with tough polymers
such as epoxy resin, silicon oil, and silicon rubber to
improve its flexibility.7,8 Additionally, blends of a
suitable rubber and PH have also found applications
in friction materials, particularly in frictional braking
system of railroad vehicles,9–11 to achieve a poly-
meric binder with combined properties of the rubber
material and the resin. The content of the resin in
such blends could be reached up to 40 wt %. The
rubber component of the blend could be natural or
synthetic, mainly nitril-butadiene rubber (NBR) and
styrene-butadiene rubber (SBR).9–11 Presence of rub-

ber in the blend makes the friction material conform-
able and compressible, which are essential in appli-
cations such as railroad friction materials to domi-
nate the thermal damages of the friction couple.12,13

Literature shows a limited number of studies
devoted to the rubber/PH systems.14–16 In addition,
the patents on this subject have provided a few tech-
nical details due to proprietary reasons.9–11 Kosfeld
and Borowitz14,15 studied dynamic mechanical and
viscoelastic properties of blends of PH with NBR
and SBR with full range of the resin content, i.e., 0–
100 vol %. There exists only one recent article on the
rubber/PH blends to be used specifically as binder
of friction material in which the role of heating on
the properties of NBR and PH mixtures has been
investigated.16

It is well known that the mechanical and thermal
properties of a rubber vulcanizate are significantly
dominated by the rubber curing ingredients includ-
ing sulfur, accelerator, and activator.17 It has been
also claimed that increasing concentration of zinc ox-
ide (activator of sulfur vulcanizing system) increases
the wear rate of friction materials containing the
SBR/PH as polymer matrix.11 Therefore, it is
expected that the type and composition of rubber
curing ingredients contribute to the final properties
of rubber/PH systems as well. The role of rubber
curing ingredients on the properties of NBR and
SBR vulcanizates has been extensively studied long
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time ago. However, such study for blends of the rub-
ber and PH has not been addressed earlier.

Investigation of compositional parameters in rub-
ber/PH blends by one-factor-at-a-time method, i.e.,
varying only one parameter while keeping all others
constants, is very complicated task and requires per-
forming a large number of experiments. To reduce
the size of experiments, several experimental design
methods have been presented.18 Among them,
Taguchi’s method has found great successes in
designing and optimizing the engineering systems,
so that the literature indicates a number of studies
in this regard.19–23 This method has also been used
successfully to optimize the fillers composition of
the friction materials.24 Generally, the Taguchi
method can be utilized to obtain various informa-
tion about the system under investigation such as
average factor effect, relative influence of factors
(contribution of factor to a result), possible interac-
tion between factors (influence of levels of one fac-
tor on the effect of another) and optimum condition.
These can be achieved by laying out the experi-
ments based on appropriate orthogonal array and
performing appropriate statistical calculations to the
results.25

This article deals with the mixtures of two differ-
ent synthetic rubbers consisting of SBR and NBR
with novolac type PH, which can be used as organic
binder of the composite friction materials particu-
larly for railroad brakes. Special attention is given to
acquire further understanding concerning the influ-
ence of the constituents of the blend including the
rubber vulcanizing ingredients and the resin content.
To reduce the size of experiments, Taguchi’s experi-
mental design method is utilized to investigate the
compositional parameters of the blends. The mor-
phological characteristics of the blend are also exam-
ined by using dynamic and static mechanical analy-
sis and scanning electron microscopy (SEM).

EXPERIMENTAL PROCEDURE AND ANALYSIS

Materials

The polymer materials used in this study include
SBR (SBR1502, styrene content of 23%, density of
0.97 g/cm3; BIPC, Iran), NBR (Europrene N 33.45,
acrylonitril content of 33%, density of 0.98 g/cm3,
Mooney viscosity 45, Enichem, Italy) and PH
(Novolac IP502, hexamehylenetetramine content 10
wt %, density of 1.28 g/cm3; Rezitan, Iran). The cur-
ing ingredients of both SBR and NBR consist of sul-
fur, dibenzothiazyl disulfide (MBTS), zinc oxide
(ZnO), and stearic acid which are of commercial
grades supplied from local companies. Industrial
grades of toluene and acetone are used as solvents
in swelling experiments.

Design of experiments

Taguchi method

In this study, experimental design method based on
the Taguchi approach is utilized to investigate indi-
vidually the influence of each component, known as
factor, on the properties of the rubber/PH mixtures.
The Taguchi technique helps us to investigate all of
these factors simultaneously by laying out small
number of experiments according to an appropriate
orthogonal array, depending on the number of
factors and their levels.

As will be discussed later in this study, mixing of
both NBR and SBR with PH leads to a two-phase
blend, containing cured PH phase dispersed within
the vulcanized rubber matrix. Properties of the rub-
ber/PH blends are expected to be a function of
properties of individual phases, i.e., rubber and resin
phases. On the other hand, physical and mechanical
properties of rubber phase are dominated by micro-
structure of the crosslinks network, namely cross-
linking density and polysulfidity of the sulfur link-
ages produced between rubber chains. In addition to
sulfur content, other curing ingredients such as ac-
celerator and activator can also play a noticeable role
on the crosslinks network of the rubber phase.
Accordingly, five factors including concentrations of
PH, sulfur, MBTS, ZnO, and stearic acid in terms of
phr (part per hundred parts by weight of rubber)
are selected in this study. Since all of these factors
can be changed independently, they are known as
control factor not noise factor. To take into consider-
ation any possible nonlinear influence of the factors
upon the results, each factor is studied at four levels
within a defined range including sulfur in 2–10 phr,
MBTS in 1–5 phr, ZnO in 2–10 phr, stearic acid in 1–
5 phr, and PH in 0–40 phr. For 5 four-level factors
without considering the outer array for noise factor,
modified L16 orthogonal array, L16 (45) or M16, is
suggested by the Taguchi methodology.25 According
to M16 array, 16 compounds are required for each
rubber/PH blend, as detailed in Table I, to examine
the total compositional parameters. As indicated,
each composition is designated by a number ranging
from 1 to 16. For instance, SBR-8 is relevant to a
blend containing SBR whose composition is given in
Table I with code 8.

Analysis of the results

All the 16 compounds for each rubber/PH mixture
are subjected to different physical and mechanical
tests, and the results are used to extract the role of
each ingredient on the properties of the blend. The
primary goal of using Taguchi method in this study
is to determine (1) the trend of influence of the
factors and (2) contribution of each factor on the
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properties of the blends by performing a few num-
ber of experiments. The trend of influence of a factor
can be determined by calculating the average effect
of a factor at a level. This latter one is obtained by
simple statistical calculation as follows25:

Ai ¼
Pn

j¼1 y
j
i

n
(1)

where Ai is the average effect of factor A at level i, y
j
i

represents the j-th observation (result) of factor A at
level i, and n stands for total number of observations
for factor A. By plotting the average factor effect
against the corresponding factor level, an average
plot is obtained from which the trend of influence of
a factor on the result is extracted. The relative influ-
ence of factors (contribution) on the result can also
be obtained by somewhat more rigorous statistical
calculations known as analysis of variance
(ANOVA), see the details in Ref. 25. In this study,
calculations of both ANOVA and average factor-
level effect are performed by using QT4 software.25

Preparation of compounds

The compounds are prepared by a laboratory scale
two-roll mill. The rubbers are first masticated at tem-
perature around 508C for 5 min. Then the masticated
rubbers are mixed further with PH and other ingre-
dients for around additional 25 min. The obtained
compounds are cured into a sheet using compression
molding at 1508C for 1 h under a pressure of 3.5
MPa in accordance to ASTM D-3182. The samples

required for mechanical and physical tests are cut
from the cured sheets.

Thermal analysis

Differential scanning calorimeter (DSC, Pyris 1, Per-
kin–Elmer) is used to investigate the thermal events
occurred during the heating of the cured com-
pounds. To do this, DSC analysis is performed at a
heating rate of 208C/min under the nitrogen with
flow rate of 200 mL/min. Figure 1 shows the DSC
thermogram of typical compounds. As seen, there is
an endothermic peak in the graphs. This peak corre-
sponds to the maximum rate of mass loss of the
compounds, and in this study, it is taken as their
thermal stability.

Mechanical testing

The stress–strain (r–e) properties of the cured dumb-
bell-shaped specimens are determined at room tem-
perature according to ASTM D412 by using an Ins-
tron tensile testing machine, operated at a crosshead
speed of 60 mm/min. The tensile strength and elon-
gation at break are extracted directly from the r-e
curves, while the young’s modulus is calculated
from the initial slope of the curve, namely slope of
the curve within strain range of 0–2%. Dynamic me-
chanical properties of the mixtures are determined
by a dynamic mechanical thermal analyzer (DMTA-
Triton, Tritic Technology, England) at a frequency of
1 Hz and temperature range from 2150 to 1808C
with a heating rate of 38C/min. The DMTA records
the variation of storage modulus (E0) and loss tan-
gent (tan d) with temperature.

TABLE I
Experimental Layout of M16 Orthogonal Array

According to Taguchi’s Method

Compound no. Sulfur MBTS ZnO
Stearic
acid PH

1 2 1 2 1 0
2 2 2.25 4.5 2.25 12.5
3 2 3.5 7 3.5 25
4 2 4.75 9.5 4.75 37.5
5 4.5 1 7 2.25 37.5
6 4.5 2.25 9.5 1 25
7 4.5 3.5 2 4.75 12.5
8 4.5 4.75 4.5 3.5 0
9 7 1 9.5 3.5 12.5
10 7 2.25 7 4.75 0
11 7 3.5 4.5 1 37.5
12 7 4.75 2 2.25 25
13 9.5 1 4.5 4.75 25
14 9.5 2.25 2 3.5 37.5
15 9.5 3.5 9.5 2.25 0
16 9.5 4.75 7 1 12.5

The levels of ingredients are given in terms of phr.

Figure 1 DSC thermograms of typical compounds. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

3810 DERAKHSHANDEH, SHOJAEI, AND FAGHIHI

Journal of Applied Polymer Science DOI 10.1002/app



Morphology

The morphology of the blends is characterized by
means of a Philips XL30 SEM. To do this, the sam-
ples are fractured in liquid nitrogen, and then the
fractured cross sections and surface of samples
which are sputter-coated with gold layer are used to
investigate the phase morphology.

Swelling

The vulcanized samples are first subjected to extrac-
tion process using acetone for around 120 h to remove
the residual soluble components after vulcanization.
The extracted samples are vacuum-dried under 608C
for 2 h and then the dried specimens are weighed. Af-
ter drying the samples, they are dipped into toluene
at room temperature for 120 h. The swollen samples
are removed from the solvents and wiped off using
tissue and weighed. The swelling coefficient, Q, is
obtained using the following relation26:

Q ¼ mS �mD

mD
3

1

ql
(2)

where mS and mD are the weights of swollen and the
dry extracted sample, respectively, and ql is the den-
sity of the swelling solvent.

Crosslinking density of the rubber phase can be
calculated by the Flory-Rehner relation expressed as
follows26:

MC ¼
qrVS

mr
2 � m1=3r

� �

½lnð1� mrÞ þ mr þ vm2r �
(3)

where mr denotes the equilibrium volume fraction of
the rubber in swollen vulcanized rubber which is

estimated here based on the swelling measurements,
qr the density of the rubber, VS the molar volume of
solvent, and, v the polymer solvent interaction pa-
rameter. In eq. (3), MC is the average molecular
weight between two crosslinks per primary rubber
chains which is an indication of the crosslinking
density. The lower the MC value, the higher cross-
linking density is achieved. The interaction parame-
ter reported for SBR-toluene system is 0.39,26 while
for NBR-toluene it is calculated using the following
expression27:

v ¼ 0:35þ VS

RT
ðdS � drÞ2 (4)

where dr and dS are the solubility parameters of the
rubber and solvent, respectively. Taking dr 5 9.4
(cal/cm3)0.5 for NBR and dS 5 8.9 (cal/cm3)0.5 for
toluene,27 interaction parameter for NBR-toluene sys-
tems becomes 0.46. The measured average values of
density for SBR and NBR vulcanizates are � 1 g/
cm3. The density and molar volume of toluene at
208C are 0.867 g/cm3 and 106.3 cm3/mol, respec-
tively.28

RESULTS AND DISCUSSION

Compositional effects on the properties of the
rubber/PH blends

Table II summarizes the results of experimental
measurements performed for 16 compounds of each
rubber/PH blends indicated in Table I. These results
are used to estimate the influence of each component
on the swelling, thermal and mechanical properties
of the blends based on Taguchi’s analysis. It should
be pointed out that all of the plots obtained in this

TABLE II
Experimental Results for SBR/PH and NBR/PH Blends

Compound
no.

Elongation (%) Modulus (MPa) Swelling coefficient (mL/g)

NBR SBR NBR SBR NBR SBR

1 653 6 35 766 6 29 1.9 6 0.2 1.8 6 1 2.3 6 0.5 4.4 6 0.1
2 346 6 14 215 6 62 2.5 6 0.4 3.4 6 1.1 2.3 6 0.1 3.8 6 0.1
3 256 6 42 139 6 27 4.4 6 0.5 5.9 6 1.1 2 6 0.1 3.8 6 0.1
4 257 6 23 224 6 83 5.8 6 1.7 6.1 6 0.9 1.8 6 0.1
5 151 6 18 145 6 29 5.8 6 1.1 6.1 6 1.4 1.6 6 0.1 3.5 6 0.05
6 194 6 15 97 6 14 5.8 6 1.1 5.3 6 1.4 1.3 6 0.1 3 6 0.1
7 252 6 13 143 6 17 2.5 6 0.6 3.3 6 0.4 1.5 6 0.2 3.4 6 0.05
8 262 6 20 223 6 30 1.4 6 0.7 2.2 6 0.2 1.6 6 0.2 3.2 6 0.03
9 158 6 14 142 6 15 3.4 6 0.4 4.9 6 0.6 1.3 6 0.1 2.5 6 0.07

10 201 6 25 152 6 30 2.4 6 0.1 2.3 6.05 1.5 6 0.2 2.4 6 0.05
11 93 6 14 102 6 11 11 6 1.7 8.4 6 1.4 1.5 6 0.9 2.9 6 0.07
12 141 6 16 122 6 19 7.4 6 0.5 5.5 6 1.1 1.6 6 0.2 2.6 6 0.09
13 124 6 18 104 6 18 7.7 6 1.9 6 6 1.3 1.4 6 0.3 2.3 6 0.08
14 124 6 19 105 6 3 11.6 6 2.2 9.3 6 1.2 1.3 6 0.1 2 6 0.06
15 183 6 14 120 6 21 3.9 6 0.7 3.3 6 0.5 1.5 6 0.2 1.9 6 0.07
16 158 6 19 113 6 19 4.7 6 0.9 3.8 6 1 1.3 6 0.2 1.7 6 0.09
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study based on statistical calculations represent only
the trend of influence of each factor upon the result,
not the exact value of the result at a given level of a
factor.

Swelling characteristics

Knowledge of the swelling behavior of crosslinked
polymer can provide further insight into the cross-
links microstructure, particularly for two-phase sys-
tems. Figure 2 shows the variations of the swelling
coefficient against concentration of rubber curing
ingredients and PH for both SBR/PH and NBR/PH
blends. From Figure 2(a), it is observed that sulfur is
the most important parameter influencing the swel-
ling coefficient of the SBR/PH blends. As the swel-
ling coefficient of the rubber phase is dominated by
the crosslinking density,27–29 this result suggests that
increasing the sulfur content within the range of 2–
10 phr increases strongly the crosslinking density of
the SBR. Comparing Figure 2(a,b), it is found that
the extent of swelling and variation of swelling coef-
ficient of NBR/PH are less than those of SBR/PH,
but the sulfur has still higher influence with respect
to the other curing ingredients. This observation sug-
gests that the crosslinking density of the NBR does
not vary significantly as much as the SBR.

Figure 2(c) shows that the swelling coefficient
decreases by increasing the resin content. On the
other hand, the maximum extent of reduction in
swelling coefficient of both rubbers within the resin
content of 0–40 phr is approximately the same, i.e.,
extent of reduction is about 0.5 mL/g for both rub-
bers. This behavior can be explained by the fact that
the rubber component is responsible for swelling of
the rubber/PH blends. Because, PH is a highly
crosslinked thermoset and can not be swelled any-
more. This explanation is confirmed by performing
separately swelling experiment for cured PH so as to
no swelling effect appears. In fact, the swelling of
PH is negligible and it acts as rigid filler. So incorpo-
ration of PH decreases the content of rubber compo-
nent in the blend, leading to reduction of the swel-
ling coefficient of the blends, accordingly.

Table III presents the contribution of the compo-
nents of the blend (relative importance of the factors)
on the swelling coefficient. It is found that sulfur is
the only dominant parameters on the swelling coeffi-
cient of the SBR/PH blends. However, for the NBR/
PH, sulfur and PH have almost the similar impor-
tance. This could be attributed to lower extent of
swelling of the NBR vulcanizate due to its higher
crosslink density, as discussed earlier. On the other
hand, contribution of other curing ingredients,
namely MBTS, ZnO, and strearic acid in SBR/PH
blend is negligible, while these factors slightly affect
the NBR/PH blend. Slight influence of accelerator

Figure 2 Average effect of components on the swelling
coefficient of blends obtained by Taguchi’s analysis; (a)
effect of curing ingredients on SBR/PH, (b) effect of curing
ingredients on NBR/PH blends, and (c) effect of PH on
SBR and NBR blends. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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and activator is thought to be due to their effects on
vulcanization process during development of the
crosslinks as reported in the literature.17,29,30

As mentioned earlier, swelling of the rubber/PH
blends is relevant to the rubber phase. Therefore,
crosslinking density of the rubber phase in the blend
can be calculated by the Flory-Rehner equation, eq.
(3), based on the swelling data. Figure 3 illustrates
the variation of MC with the concentration of rubber
curing ingredients. It is found that MC for SBR is
greater than that of the NBR, indicating its lower
crosslinking density as compared with NBR; and it
reduces mainly by increasing the sulfur content. For
SBR, MC reduces almost from 8000 to 2000 g/mol
when the sulfur content varies within 2–10 phr. Vari-
ation of MC for NBR within the same range of sulfur
content is between 1500 and 3000 g/mol. These
values of MC for both rubbers stand within the
expected range as described in the literature.26 The
higher value of MC for SBR compared to NBR could
be attributed to its chemical structure. In SBR, pres-
ence of such large side group as benzene causes a
molecular spatial hindrance to produce more sulfur
linkages between two polymer chains, resulting in
higher value of MC. According to this explanation, it
should be expected to form more polysulfidic cross-
links in SBR, i.e., longer sulfur linkages, between
two polymeric chains to overcome the hindrance
effect. This characteristic will be examined later in
this work using the thermal behavior of the blends.
Figure 3 also shows that the value of MC approxi-
mately levels off after 4 phr sulfur content for NBR.
A possible explanation for this behavior could be
that the molecular weight between two crosslinks
after 4 phr sulfur is small enough, i.e., around
1500 g/mol, and two neighbor crosslinks are so
close, so as to beyond that new crosslinks could not
be formed easily.

Figure 3(c) shows that crosslinking density of the
rubber phase increases slightly by increasing the
resin content. This observation may be explained by
dissolution of small amount of the resin in the rub-
ber phase. This partial solubility of the resin will be

examined further by the dynamic and static mechan-
ical experiments carried out in this study. It seems
that the dissolved PH participates in the crosslinks
network developed during vulcanization of the rub-
bers in addition to the sulfur linkages.17,30 This
crosslink could be made by reaction of resin and
rubber chains through methylene bridging, particu-
larly in presence of hexamethylenetetramine.31

Thermal properties

Thermal stability of the blends obtained by DSC
thermograms is employed in QT4 software for per-
forming the statistical analysis, and the results are
presented in Figure 4 and Table III. Overall degrada-
tion temperature of the blends, shown in Figure 4,
stands within 370–3858C for different compounds.
This temperature range is similar to the degradation
temperature of the neat rubber vulcanizate. These
results suggest that the degradation temperature of
the rubber/resin blend is dominated by the rubber
component. Camino et al.16 reported that the weight
loss of NBR, degradation of NBR obtained by ther-
mogravimetric analysis, begins at about 3508C,
which is in agreement with the results obtained in
this study. They16 also came into the same conclu-
sion about the mixture of NBR and novolac PH, that
the degradation temperature is dominated by NBR.

The results illustrated in Figure 4-c indicate that
the resin content has a negligible effect on the degra-
dation temperature of the rubber/resin blends. It is
shown that the rubber curing ingredients has a
minor effect on the degradation temperature of the
NBR blends. However, for SBR blends, the sulfur
content is found to be the most effective parameters
influencing the degradation temperature. As shown
in Figure 4(a), degradation temperature decreases
almost from 385 to 3728C by increasing the sulfur
content from 2 to 10 phr. This is probably attribut-
able to the structure of the sulfur linkage produced
in the SBR network which could be mainly polysulfi-
dic. This explanation is in agreement with the swel-
ling characteristics of the SBR compounds in which

TABLE III
Contribution (in percent) of Ingredients to the Physical and Mechanical Properties of

Rubber/PH Blends Obtained by QT4 software

Factor

Contribution to
the swelling
coefficient (%)

Contribution to
the modulus (%)

Contribution to
the thermal
stability (%)

NBR SBR NBR SBR NBR SBR

PH 35 9.6 68 84 18 3.7
Sulfur 47 84 23 8 22 86
MBTS 5 2.6 1.7 2.7 4 4
ZnO 8 3 4.8 0.8 30 2.8
Stearic acid 5 0.8 2.5 4.5 26 3.5
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Figure 3 Average effect of components on the Mc; (a)
effect of curing ingredients on SBR/PH, (b) effect of curing
ingredients on NBR/PH blends, and (c) effect of PH on
SBR and NBR blends. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

Figure 4 Average effect of components on the thermal
stability of blends obtained by Taguchi’s analysis; (a) effect
of curing agents on SBR/PH, (b) effect of curing agents on
NBR/PH blends, and (c) effect of PH on SBR and NBR
blends. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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the polysulfidic linkages are thought to be dominant
due to hindrance effect of benzene side group. The
higher the sulfur content, the more polysulfidic link-
ages are produced. It is well known that polysulfidic
bonds have low thermal stability, leading to the ther-
mal decomposition of the vulcanized rubber at lower
temperatures.29,30

Mechanical properties

Figures 5–7 depict the variation of mechanical prop-
erties of the blends with concentration of the rubber
curing ingredients and the resin content. The results
show that all of these components influence the me-
chanical properties. However, from Table III for
Young’s modulus, it can be found that the contribu-
tion of PH is much more pronounced with respect to
other components, namely rubber curing ingredients.
In addition, from Figure 7, it is shown that by

increasing the resin content, the modulus increases
and elongation at break decreases continuously.
Since the PH has very high modulus and low elon-
gation at break when compared with both SBR and
NBR, see Table IV, these effects of PH are com-
pletely expected. We will show in the next section
that addition of PH into the rubber material leads to
a two-phase system in which the PH component
forms a dispersed phase. This resembles a composite
material filled with rigid filler, resulting in higher
modulus and lower elongation. Moreover, presence
of PH in the rubber phase due to the partial solubil-
ity of the resin, as pointed out in the swelling char-
acteristics, is thought to increase the stiffness of the
rubber phase due to the rigidity of the PH chains
and its contribution to the crosslinking density of the
rubber phase.

Among the curing ingredients, the sulfur content
is expectedly shown to be the significant parameter

Figure 5 Average effect of rubber curing ingredients on the mechanical properties of SBR/PH blends predicted based on
Taguchi’s analysis; (a) elongation at break and (b) Young’s modulus. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 6 Average effect of rubber curing ingredients on the mechanical properties of NBR/PH blends predicted based
on Taguchi’s analysis; (a) elongation at break and (b) Young’s modulus. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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influencing the mechanical properties. This behavior
can be associated to the alteration of the network
structure of the vulcanized rubber. As mentioned in
the preceding section, higher crosslinking density for
both rubbers is achieved by increasing the sulfur
content. It is well known that the higher crosslinking
density restricts the mobility of the chain segments
further, leading to improved mechanical behavior of
the vulcanizates.26 As observed in the swelling
behavior of both rubbers, enhancement of crosslink-
ing density of SBR is much more pronounced when
compared with NBR (see Fig. 3), while the variation
of modulus for NBR is slightly greater than that of
SBR. In agreement with the swelling data and ther-
mal stability of the SBR/PH blend, longer sulfur
linkage of SBR vulcanizates could be possibly re-
sponsible for this behavior. Because, longer cross-
links increase the mobility of chain segments of the
macromolecules and moderates the role of higher
enhancement of crosslinking density.

From Table III, it is shown that MBTS, ZnO, and
stearic acid also have minor influence on Young’s
modulus of the blend. As mentioned in the swelling
data, this behavior is due to their slight effect upon
the structure of the crosslinks.

Morphological investigation

Dynamic mechanical analysis

The dynamic mechanical analysis is performed for
the blends of both rubbers with varying amount of
PH, ranging from 0 to 23 vol %. In all of these
blends, the concentration of rubber curing ingre-
dients is kept constant, i.e., sulfur 2 phr, MBTS 2
phr, stearic acid 2 phr, and zinc oxide 5 phr. Figure
8 illustrates the storage modulus (E0) of the blends
versus temperature in the range of 2150 to 1508C.

As expected, the storage modulus of the blends
above the transition temperature, where a sharp
decrease in E0 is observed, increases by increasing
the PH concentration. This is attributed to the higher
stiffness of the PH chains.

Plots of tan d versus temperature for the blends
are given in Figure 9. It is observed that there is a
sharp peak at 218.68C for pure NBR vulcanizate
(NBR-1) and at 238.98C for pure SBR vulcanizate
(SBR-1). Indeed, these temperatures indicate the
glass transition temperature (Tg) of the rubbers,
which are consistent with the reported values in the
literature.14,15,32 Additionally, from Figure 9, the Tg

of pure PH is found to be 1388C. It is shown that the
maximum value of tan d (tan dmax) for pure rubber
vulcanizate decreases from 1.2 to 0.45 for SBR/PH
and from 1.19 to 0.54 for NBR/PH blends containing
23% by volume of PH. It is well known that the
higher mechanical losses which are related to high
energy input required for the segmental motion of
the macromolecular chains, lead to greater value of
tan dmax. For the rubber/PH blends studied here,
presence of hard PH segments may possibly restrict
the movement of the soft rubber segments, resulting
in lower value of tan dmax.

The plots of tan d, shown in Figure 9, demonstrate
that addition of PH to the rubbers shifts slightly the

Figure 7 Average effect of resin content on the mechanical properties of the blends predicted based on Taguchi’s analy-
sis; (a) elongation at break and (b) Young’s modulus. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

TABLE IV
Young’s Modulus of Phenolic Resin and Rubbers at

Two Levels of Sulfur Content

Material Modulus (MPa) Elongation at break (%)

PH 5,100 6 250 1
SBR (2 phr sulfur) 1.82 6 0.15 320.6 6 80
SBR (7 phr sulfur) 2.75 6 0.2 122.75 6 55
NBR (2 phr sulfur) 1.87 6 0.1 347.5 6 32
NBR (7 phr sulfur) 2.9 6 0.2 141.75 6 40
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tan dmax of both rubbers, namely less than 58C. On
the other hand, no separate peak due to the PH com-
ponent is observed in the blends. Such an observa-
tion has been reported by Samui et al.32 for NBR/
PH blends as well. Inward shift of Tg can be an indi-
cation of solubility of the PH in the rubber phase.26

The extent of solubility can be estimated by the rule

of mixture, i.e., Tg ¼
P2

i¼1 Tgi/i.
26 According to this

rule and Tg values of the blends, shown in Figure 9,
volume fraction of dissolved PH in the rubber phase
is found to be around 0.03 for a mixture containing
23 vol % PH. This shows that only small amount of
PH is dissolved in the rubber phase, and mixing of
the rubbers with PH leads essentially to an incom-
patible blend and a two-phase system. The incom-
patibility is expected, because PH is highly polar
material due to ��OH group, while NBR has a few
and SBR has no polar group. The slight dissolution
of PH in the rubber phase observed by DMTA sup-
ports the enhancement of crosslinking density of the
rubber vulcanizate due to the presence of PH in rub-
ber phase as discussed in swelling characteristics of

the blends. Higher shift in Tg of SBR when com-
pared with NBR may be associated to slightly higher
dissolution of PH in SBR

Halpin-Tsai relationship for rubber/PH blends

It is well known that the mechanical properties of a
polymer blend are governed by microstructure of
the dispersed phase and properties of individual
phases.33,34 Hence, as a further evidence to the micro-
structural behavior of the rubber/PH blends, modu-
lus of these blends is investigated by varying the
amount of PH in the blend ranging between 0 and 25
vol %, while concentration of the rubber curing ingre-
dients is kept constant, i.e., sulfur 2 phr, MBTS 2 phr,
stearic acid 2 phr and zinc oxide 5 phr. To take into
consideration the role of sulfur content on the mor-
phological behavior, variation of blend modulus with
the PH concentration is also investigated at higher sul-
fur content, i.e., 7 phr, while the concentration of other
curing ingredients is the same as earlier.

Figure 9 Plots of tan d versus temperature; (a) SBR/PH and (b) NBR/PH blends.

Figure 8 Plots of storage modulus versus temperature; (a) SBR/PH and (b) NBR/PH blends.
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Table IV presents the modulus and elongation at
break of PH and pure rubber vulcanizates at two
levels of sulfur content obtained from static tensile
tests. It is expectedly realized that increasing the sul-
fur content increases the modulus of both SBR and
NBR vulcanizates approximately up to 60%. Further-
more, it is found that the modulus ratio of the resin
to the rubber is so great, i.e., greater than 2000, so as
to the dispersed resin can be regarded as rigid filler.

Halpin-Tsai equation is one of the most versatile
and widely used semiempirical equations for the
polymeric composites and blends. In this study, this
model is used to correlate the mechanical behavior
of the rubber/PH blends. Halpin-Tsai equation in
which the rubber forms the continuous phase is
expressed as follows33:

Eb

Er
¼ 1þ AB/p

1� Bw/p

(5)

where subscripts b, r, and p stand for blend, rubber,
and PH, respectively, E represents the Young’s mod-
ulus, / is the volume fraction, and A, B, and w are
the model parameters which may be given as fol-
lows33:

A ¼ kE � 1

B ¼ ðEp=ErÞ�1

ðEp=ErÞþA � 1

w ¼ 1þ 1�/m

/2
m

/p

8><
>:

(6)

in which /m is the maximum packing fraction of the
dispersed phase which can be considered to be
about 0.63,33 and kE is the generalized Einstein coef-
ficient. To calculate the modulus of the blend by eq.
(5), Einstein’s coefficient kE should be known. Theo-
retical value of kE is 2.5 which is given by the origi-
nal Einstein equation expressed as follows33:

Eb

Er
¼ 1þ kE/p: (7)

This equation is valid for composite systems having
only spherical rigid particles in very low concentra-
tions. In actual situations, morphology of the dis-
persed phase may deviate from the ideal case.
Therefore, the theoretical value of kE may be inap-
propriate in such cases. In this study, the value of kE
is determined from experimental data based on the
Einstein equation from the slope of Eb=Er versus /p.
As Einstein’s equation is valid for a very low con-
centration, kE is extracted from a set of blends with
low concentrations of PH, namely up to 3 vol %. kE
values obtained in this way are 6.16 and 8.4 for
SBR/PH with 2 and 7 phr sulfur, respectively, and
6.24 and 8.36 for NBR/PH with 2 and 7 phr sulfur,

respectively. In all cases, regression coefficient is so
close to one, namely greater than 0.99, indicating the
linearity of the curve in this range of PH concentra-
tion. It is observed that the empirical values of kE
are higher than that of the theoretical one. This prob-
ably could be due to agglomeration of the resin par-
ticles within the rubber matrix. It has also been
reported that the agglomeration of particles as well
as state of agglomeration increase the suspension
viscosity and Einstein’s coefficient in comparison
with the completely dispersed systems.33 For a sus-
pension viscosity including agglomeration of particle
with random packing, a value of 6.76 has been
reported for kE.

35 It is also found that the values of
kE are the same for both SBR and NBR compounds
at the same sulfur content; however, it increases by
increasing the sulfur content from around 6.3 to 8.3.
It seems that the sulfur content increases the affinity
of the particles to form more agglomeration, which
could be a consequence of decreasing the surface
energy of the rubber phase. Such an observation has
been addressed in the literature for blend of ethyl-
ene–propylene–diene rubber/propylene that a reduc-
tion in surface energy has been observed at high
extent of crosslinking density.36 This has been attrib-
uted to the reduction of the flexibility of both
induced and permanent dipoles attached to the rub-
ber segments within the vulcanized network.36

Modulus of the rubber/PH blends

Figure 10 shows the modulus of the blends as a
function of volume fraction of PH obtained by the
experimental measurements and estimated values
using Halpin-Tsai equation. It is observed that the
variation of the modulus with resin content for both
rubbers can be well described by Halpin-Tsai equa-
tion at low resin content. After a certain value of
resin content, � 15 vol %, moduli indicate a devia-
tion from eq. (5) and the results show a sharp
increase, particularly at higher resin content. This
observation suggests much more contribution of the
PH upon the modulus of the blends at higher vol-
ume fraction. There could be some possibilities for
this behavior. One possibility could be the alteration
of the phase morphology of the blend and convert-
ing to cocontinuous morphology. Because, in such
cases, the PH can play considerable role on the
modulus of the blends.34,35 However, this explana-
tion is somewhat questionable, because the volume
fraction of 0.15 seems to be too low for the rubber/
PH blend to become cocontinuous. Only partial
cocontinuity due to the tendency of the PH-dis-
persed phase for agglomeration may be a reasonable
explanation for the mechanical behavior of the
blend mentioned earlier.
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Another possibility for deviation from eq. (5)
could be the change of the mechanical properties of
the rubber phase as a consequence of the addition of
the resin. This explanation is most probable than the
morphology inversion mentioned earlier and is com-
pletely consistent with swelling characteristic and
dynamic mechanical behavior of the blends. As men-
tioned, addition of the resin to the rubber phase
increases the crosslinking density of the rubber vul-
canizates, resulting in higher modulus of the rubber
phase than that of pure rubber vulcanizates. On the
other hand, presence of PH in the rubber phase due
to its partial solubility, as examined by dynamic me-
chanical tests, increases the rigidity of the molecular
chains, leading to higher stiffness of the rubber
phase in the blends. These evidences indicate that
the modulus of the rubber phase in the blend is dif-
ferent than that of the pure rubber vulcanizates used
in the Halpin-Tsai equation. Consequently, the mis-
use of the modulus of the rubber in Halpin-Tsai

equation could be responsible for the severe devia-
tion from the model prediction.

From Figure 10, it is shown that effect of PH on
enhancement of modulus of SBR/PH blend at high
volume fraction of PH is much more pronounced
than that of NBR/PH blend. This can be attributed
to slightly higher solubility of the PH in SBR, as
illustrated in dynamic mechanical tests, resulting in
higher enhancement of modulus of SBR. Although
the difference between solubility of PH in SBR and
NBR is too small, but even very small amount of PH
can have observable influence on the modulus of the
rubber phase due to very high modulus of PH and
its curative effect.

SEM observations

The blends of both rubbers with PH at different vol-
ume fractions are depicted in Figures 11 and 12.
The SEM micrographs show dispersion of the PH

Figure 11 SEM micrographs of NBR/PH blends containing different volume percents of PH; (a) 8% and (b) 23%.

Figure 10 Modulus of blends as a function of resin content; (a) SBR/PH (b) NBR/PH.
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particles within the rubber matrix. The dispersed
phase is almost spherical and indicates a good ad-
hesion with the matrix, because no interfacial
debonding is observed in the SEM micrographs of
the fractured surfaces. However, it can be shown
that the PH particles tend to form agglomeration
even at low volume fraction of PH. This observation
is in complete agreement with the higher value of
kE mentioned earlier in the mechanical properties of
the blends. It is also seen that the matrix-dispersed
type of microstructure is dominant, although a com-
pact dispersed morphology is observed at high
volume fraction of PH.

CONCLUSIONS

Thermal, mechanical, and microstructural character-
istics of NBR/PH and SBR/PH blends are investi-
gated in this study. It is shown that the glass-transi-
tion of both rubbers is shifted slightly at various
compositions of rubber/PH mixtures, showing par-
tial solubility of the PH in the rubber phase. How-
ever, these mixtures are incompatible blends and, as
evidenced by SEM micrographs, exhibit two-phase
microstructures in which rigid spherical particles of
PH are embedded in a soft rubber matrix. The
results obtained based on Taguchi’s analysis show
that sulfur has a dominant effect on the crosslinks
structure of the vulcananized rubber, although other
curing ingredients including accelerator and activa-
tor influence the crosslinks network more or less.
Moreover, it is shown that crosslinking density of
the rubber phase in the blend is also affected by PH.
Soluble part of the resin phase, as supported by
dynamic mechanical analysis, is shown to be respon-
sible for alteration of crosslinking density of the rub-
ber phase due to curative role of PH. On the other
hand, presence of the rigid PH chains in the cross-

link network of the rubber restricts the molecular
motion and makes the rubber phase to be stiffer
than that of pure rubber vulcanizates. Deviation of
the blend modulus versus PH content from Halpin-
Tsai model is known as a further evidence for the
role of PH on the rubber phase.

Crosslinking density of the SBR is found to be
lower than that of NBR at a certain curing agent.
This is attributed to the hindrance effect of benzene
side group of SBR which prevents more crosslinks to
be formed in the polymeric chains. Additionally,
thermal stability of SBR blends decreases noticeably
by increasing the sulfur content when compared
with that of NBR/PH. This is probably due to the
formation of more polysulfidic crosslinks in SBR
vulcanizates.

The authors are grateful to Machine Lent Tehran Co., due
to the donation of all materials used in this study.
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