
Novel Method for Preparation of Carboxylated Nitrile
Rubber–Natural Rubber Blends Using
Bis(diisopropyl)Thiophosphoryl Polysulfides

NITYANANDA NASKAR, SUBHAS CHANDRA DEBNATH, DIPAK KUMAR BASU

Polymer Science Unit, Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700 032, India

Received 14 March 2000; accepted 10 June 2000
Published online 16 March 2001

ABSTRACT: Bis(diisopropyl)thiophosphoryl trisulfide (DIPTRI) and bis(diisopropyl)
thiophosphoryl tetrasulfide (DIPTET) are successfully used as a novel coupling agent
and accelerator, respectively, to covulcanize an elastomer blend comprising polar car-
boxylated nitrile rubber (XNBR) and nonpolar natural rubber (NR). These compounds
are capable of forming a chemical link between these dissimilar rubbers to produce a
technologically compatible blend as judged by a swelling experiment. The blend vulca-
nizates thus produced exhibit enhanced physical properties that can further be im-
proved by adopting the two-stage vulcanization technique and also by judicious selec-
tion of the NR:XNBR ratio. The blend morphology assessed by scanning electron
microcroscopy micrographs accounts for significant improvement in the physical prop-
erties of the blend vulcanizates, particularly in two-stage vulcanization. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 80: 1725–1736, 2001

Key words: coupling agent; natural rubber–carboxylated nitrile rubber blend; tech-
nological compatibility; bis(diisopropyl)thiophosphoryl trisulfide; bis(diisopropyl)thio-
phosphoryl tetrasulfide

INTRODUCTION

Successful use was reported for bis(diisopropyl)
thiophosphoryl disulfide (DIPDIS) as a coupling
agent1 to produce a compatible blend of two dis-
similar rubbers like natural rubber (NR) and car-
boxylated nitrile rubber (XNBR) through the for-
mation of interfacial bonds.1 The network struc-
ture thus produced exhibited improved physical
properties than that of either pure component. A
comparison of the curing characteristics of the
thiophosphoryl di-, tri-, and tetrasulfides as sul-
fur donors2 for diene rubbers made by the earlier
researchers revealed that as the number of sulfur
atoms increased in the thiophosphoryl com-

pounds the rates and the levels of cure also be-
came higher and higher. In an earlier exploratory
study we observed that thiophosphoryl polysul-
fides significantly enhanced the tensile strength
of the vulcanizates obtained from styrene–buta-
diene rubber (SBR)–XNBR blends.3 Based on the
above observations we became interested in
investigating the effect of bis(diisopropyl)thio-
phosphoryl tri- and tetrasulfides (DIPTRI and
DIPTET) in the vulcanization of NR–XNBR
blends because both of these components play a
significant role in the formation of interfacial
crosslinks between the elastomer phases.

EXPERIMENTAL

Materials

The DIPTRI and DIPTET were synthesized and
purified according to the procedure reported by
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Pimblott et al.2 The characteristics of the XNBR
(Krynac-X7.50) were as follows: about 7% carbox-
ylic acid; 27.3% monomer content; Mooney viscos-
ity ML(114) at 100°C, 49; 0.21% total ash content;
0.2% volatiles; specific gravity 0.98. The NR
(RMA 1X) was procured from a local market.

Methods

Preparation of Vulcanizates

Single Rubber Vulcanizates. Requisite amounts
of compounding ingredients were incorporated in
previously masticated rubber on a Berstorff labo-
ratory size (203 3 102 mm) two-roll mixing mill.
Sulfur was added to the mix after cooling the mill.
The stocks were cured under pressure at 160°C.

Blend Vulcanizates. In the present investigation
two types of blending procedures were adopted:
one-stage vulcanization and two-stage vulcaniza-
tion. The details of these procedures were dis-
cussed earlier.1

Measurement of Physical Properties

Physical properties like the modulus at 200%
elongation and tensile strength of the vulcani-
zates were measured according to ASTM D412-
51T in an Amsler tensile tester. The hardness

was determined according to ASTM D2240-85 us-
ing a Shore A durometer.

The procedure for the determination of age re-
sistance and oil resistance of the vulcanizates was
discussed earlier.1,4

Scanning Electron Microscopy (SEM) Studies

SEM studies were carried out on the tensile frac-
tured surfaces by using a scanning electron mi-
croscope (model S-415A, Hitachi) in accordance
with the procedure given previously.1

RESULTS AND DISCUSSION

One-Stage Vulcanization

The formulations of the mixes (using DIPTRI and
DIPTET) for one-stage vulcanization are pre-
sented in Table I. The cure data for the mixes
containing DIPTRI and DIPTET in one-stage vul-
canization (mixes 1–10) are recorded in Table II
and the rheographs of the above mixes depicting
the course of vulcanizations are shown in Figures
1 and 2. The numbers representing the curves
correspond to those used for the mix formulations
as presented in Table I. As can be seen from Table
II, DIPTRI/DIPTET-accelerated XNBR stock is

Table I Formulation of Mixes for One-Stage Vulcanization

Mix 1 2 3 4 5 6 7 8 9 10

NR 100 — 75 50 25 100 — 75 50 25
XNBR — 100 25 50 75 — 100 25 50 75
ZnO 5 5 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2 2 2
DIPTRI 4.12a 4.12a 4.12a 4.12a 4.12a — — — — —
DIPTET — — — — — 4.41b 4.41b 4.41b 4.41b 4.41b

S 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

a This weight corresponds to 9 mmol DIPTRI.
b This weight corresponds to 9 mmol DIPTET.

Table II Cure Characteristics of One-Stage Vulcanizates at 160°C Using Monsanto
Rheometer (R-100)

Mix 1 2 3 4 5 6 7 8 9 10

Ra (Nm) 3.80 5.50 3.30 3.40 3.65 3.95 6.30 3.50 3.60 4.10
t2 (min) 1.00 0.50 2.00 0.75 0.50 1.50 0.50 2.00 2.00 0.50
t90 (min) 3.50 10.0 5.00 6.25 7.25 4.00 11.0 5.00 6.00 7.50

Ra, maximum rheometric torque; t2, scorch time; t90, optimum cure time.
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more scorchy than NR stock (compare mixes 1
with 2 and 6 with 7). The reaction of XNBR both
with DIPTRI and DIPTET under experimental
conditions was very fast and thus the recipes ex-
hibited low values for the scorch time (t2) for
XNBR. However, this was not reflected in the
optimum cure time (t90). This was evidently due
to the marching cure of XNBR stocks. As expected
DIPTRI-accelerated stock of XNBR exhibited
higher torque than the corresponding NR stock.
For the blends where NR was progressively re-
placed by XNBR and the resulting mixes were
cured with DIPTRI, the t2 value decreased. Note

also from the table that the t90 values progres-
sively increased with the increase in the concen-
tration of XNBR in the blend. The optimum cure
time values of the three blends fell in between the
100% NR and 100% XNBR formulations. The cure
curves of 100% NR and 100% XNBR were of the
typical S shape (Fig. 1). However, the situation
was quite different for the blends: in each case
(except for mixes 3 and 8) the cure curves com-
prised two distinct regions, indicating the occur-
rence of two different types of cure.5,6 The maxi-
mum torque value (Ra) of the blend vulcanizates
cured with DIPTRI (mixes 3–5), which can be

Figure 1 Rheographs of mixes 1–5 (Table I) cured at 160°C.

Figure 2 Rheographs of mixes 6–10 (Table I) cured at 160°C.
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seen from Table II, fell below the one obtained
with 100% NR.

The results obtained with DIPTET under iden-
tical conditions (mixes 6–10) were similar to
those obtained with DIPTRI with some minor
variations. However, the torque values for the
combinations cured with DIPTET were higher
compared to those obtained with DIPTRI. This
was expected because DIPTET contains a larger
amount of sulfur than DIPTRI. It was reported2

that DIPTRI and DIPTET both act as sulfur do-
nors for diene rubber; the rates and the levels of
cure also became faster as the number of S atoms
increased in the thiophosphoryl compounds (com-
pare the rheographs of Fig. 1 with those of Fig. 2).

The physical properties of the blend vulcani-
zates usually become poor because of the hetero-
geneous character of most of the compositions.
However, interrubber crosslinking7–10 brought
about during vulcanization enhances the physical
properties of elastomer blends.

It was reported1,3 previously that thiophospho-
ryl disulfide imparts pronounced increase in
physical properties by promoting interrubber cou-
pling during vulcanization of NR–XNBR and
SBR–XNBR blends. Thiophosphoryl polysulfides
are thus expected to act favorably as their coun-
terparts (thiophosphoryl disulfides) do. Table III
records the physical data of the blend vulcani-
zates using DIPTRI and DIPTET in onestage vul-
canization. The results indicated that the modu-
lus values of NR vulcanizates (mixes 1 and 6)
obtained either with DIPTRI or with DIPTET
were more or less the same but were considerably
lower than that obtained with XNBR vulcanizates
under identical conditions (mixes 2 and 7). It is
evident from the table that DIPTRI/DIPTET-
cured vulcanizates from NR–XNBR blends exhib-
ited a gradual increase in modulus as the propor-
tion of NR was progressively replaced by XNBR.
However, this was expected because XNBR pro-
duces vulcanizates11 of high modulus that are due
to the formation of metallocarboxylate crosslink-
ing. The tensile strength values of NR vulcani-
zates obtained either with DIPTRI or with
DIPTET (compare the value of mix 1 with that of
mix 6) was almost the same, but differences ap-
peared in the presence of XNBR (mixes 2 and 7).
The tensile strength values for the blend vulcani-
zates provided some interesting information. For
incompatible blends the physical properties, espe-
cially the tensile strength, was likely to decline.
But in this case, because of interphase crosslink-
ing, it can be seen that most of the blends (mixes T
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3–5 and 8–10) showed improved strength over
the parent components. The highest increment in
tensile strength was exhibited when the blends
contained 75% XNBR (mixes 5 and 10). However,
this was expected because the concentration of
reactive centers for crosslinking continued to in-
crease with the increase of the XNBR percentage.
Actually, in these cases the preponderance of met-
allocarboxylate crosslinks11 and new types of di-
or polysulfidic crosslinks1,3 (arising from the re-
action between theOCOOH groups of XNBR and
thiophosphoryl sulfides) occurred and the conjoint
effect of these flexible crosslinks was responsible
for the higher tensile values of these blends.
These types of flexible linkages are capable of
facilitating crosslink slippage1,3,12 and thus im-
part good tensile strength. The corresponding
elongation at break values for the mixes (3–5 and
7–10) pointed out that with the progressive in-
crease of XNBR concentration in the blend the
values diminished and approached the limiting
value of the parent XNBR component, the highest
value being exhibited by the NR component
(mixes 1 and 6). Shore A hardness values are also
included in Table III. NR vulcanizates attained
the lowest value (mixes 1 and 6) and that for
blend vulcanizates containing 75% XNBR became
the highest. It is necessary to mention here that
the modulus and hardness reflect the extent of
crosslinking. In this case the highest crosslinking
values (1/Q) were exhibited by the XNBR vulca-
nizates (mixes 2 and 7). Surprisingly, the blend
vulcanizate containing 25% NR/75% XNBR pro-
vided the highest Shore A hardness value, al-
though its crosslinking value was much below
that of 100% XNBR. The reason is that XNBR is
polar and is therefore very resistant to a solvent
or fuel, which is nonpolar. Thus, the crosslinking
value as obtained in the procedure was likely to
be very high. Hence, the true picture for the ex-
tent of crosslinking for the XNBR fractions of the
blend may provide an enhanced value for the
crosslinking. The blend vulcanizates (mixes 5 and
10) containing 25% NR are likely to imbibe a
significant quantity of solvent or fuel for which
the crosslinking value appreciably diminishes.

In regard to DIPTET-accelerated blends (mixes
6–10), the physical data (Table III) generally ex-
hibited higher values than those obtained with
DIPTRI-accelerated blends. This was expected
because the rates and the levels of cure became
faster as the number of sulfur atoms increased in
the thiophosphoryl compounds.

Two-Stage Vulcanization

The primary object of two-stage vulcanization is
to create a congenial atmosphere for the genera-
tion of more rubber bound intermediates that will
subsequently take part in interrubber crosslink-
ing of NR and XNBR separately from taking part
in the sulfur crosslinking. This can be achieved by
increasing the concentration of DIPTRI or
DIPTET in the NR and preheating the resulting
NR compound for a predetermined time. From
this point the second stage of vulcanization be-
gins. The pendent moieties of DIPTRI/DIPTET,
which are bound to the NR backbone, then are
allowed to react with the OCOOH groups of
XNBR. The resultant interrubber linking effected
by thiophosphoryl polysulfides (DIPTRI and
DIPTET) is likely to a generate coherent mass
that is apt to give higher modulus and hardness
and lower elongation at break as compared to
those obtained in one-stage vulcanization. Again
the interrubber linking arising from thiophospho-
ryl polysulfides is flexible1,3,12 because of the pres-
ence of (XNBR moiety)OCOOP(S)OSnO(NR
moiety)OSnOP(S)OOCO(XNBR moiety). Thus,
it may be reasonably expected that the resulting
vulcanized matrix will be flexible and exhibit im-
proved tensile strength. Table IV shows the com-
position and preparation of the blends in two-
stage vulcanization. For two-stage vulcanization
of NR–XNBR blends, two most important factors,
preheating time and preheating temperature, are
to be considered carefully to obtain maximum
concentration of the anticipated rubber bound in-
termediate at the first stage. Figures 3 and 4
represent the cure curves at the second stage in
two-stage vulcanization of blends using DIPTRI
and DIPTET, respectively. Table V provides the
cure data of DIPTRI and DIPTET accelerated
NR–XNBR blends in two-stage vulcanization. It
is evident from a comparison between Table II
and Table V that scorch times (t2) for the blend
vulcanizates are generally more reduced in two-
stage vulcanization than in one-stage vulcaniza-
tion because the components responsible for vul-
canization are already present here. This is also
true for reducing the optimum cure times (t90). As
expected, the torque values increased to some
extent. Also, it can be seen from Table V that the
vulcanizates from DIPTET-accelerated stocks ex-
hibited higher torque values than the correspond-
ing DIPTRI-accelerated vulcanizates.

Table VI records the physical data of DIPTRI-
and DIPTET-accelerated blends (mixes 39–59 and

NOVEL METHOD FOR XNBR–NR BLENDS 1729



89–109). Comparing the modulus values of
DIPTRI-accelerated stocks with the correspond-
ing values derived from DIPTET, it can be seen
that DIPTET-accelerated vulcanizates show
higher modulus values than those obtained in the
presence of DIPTRI. This trend was also noticed
for the tensile strength, elongation at break, and
hardness of the vulcanizates. Generally speaking,
the hardness of the blend vulcanizates derived
from DIPTRI and DIPTET occupied intermediate
positions as compared to NR and XNBR vulcani-
zates. The high modulus and tensile strength, the
low elongation at break, and swelling values ob-
tained from the blend vulcanizates as presented
in Table VI manifest the efficacy of the blend
containing 75% XNBR and 25% NR (mixes 59 and
109).

The variation of the tensile strength and 200%
modulus values in one-stage and two-stage vulca-
nizations against the blend composition in the
presence of DIPTRI and DIPTET is shown in Fig-

ures 5 and 6, respectively. The figures clearly
show a fair degree of synergism, which is at its
maximum with the 25/75 NR/XNBR blend com-
position. In retrospect, this is, of course, an obvi-
ous claim that the blends under investigation are
technologically compatible, having some degree of
intermolecular interaction, which is enhanced in
two-stage vulcanization.

Aging Characteristics of Blend Vulcanizates

XNBR is noted for its age resistance because of
the formation of metallocarboxylate crosslinks in
the network. It is thus expected that the presence
of XNBR would impart some beneficial effect
upon the aged vulcanizates of the rubber blends.
So it was our objective to examine the aging be-
havior of the NR–XNBR blend vulcanizates. It
can be seen from Table III that all the aged sam-
ples (values given in parentheses) obtained in
one-stage vulcanization exhibited a progressive

Table IV Formulation of Mixes for Two-Stage Vulcanization

Mix 39 49 59 89 99 109

First stage NR 75 50 25 75 50 25
ZnO 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2
DIPTRI 4.12a 4.12a 4.12a — — —
DIPTET — — — 4.41b 4.41b 4.41b

S 0.5 0.5 0.5 0.5 0.5 0.5
Second stagec XNBR 25 50 75 25 50 75

a Weight corresponds to 9 mmol DIPTRI.
b Weight corresponds to 9 mmol DIPTET.
c After preheating compounded NR at first stage. Preheating times (t) for mixes 39, 49, 59, 89, 99, and 109 at 140°C are 2.5, 2, 2,

3, 3, and 2 min, respectively.

Figure 3 Rheographs of mixes 39–59 (Table III) cured at 160°C (second stage).
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increment of the modulus values as the concen-
tration of XNBR in the blend was gradually in-
creased. It is interesting to note that the aged
vulcanizates from DIPTRI- and DIPTET-acceler-
ated blends containing 75% XNBR and 25% NR
(mixes 5 and 10, respectively) showed higher
modulus values than those obtained with 100%
XNBR (mixes 2 and 7). This was also true for the
tensile strength but the values diminished rap-
idly during aging with the increase in NR content.
It can be seen from Table III that for the combi-
nation (75:25/XNBR:NR, mix 5) the fall in tensile
strength during aging was minimal. However, a
greater fall in tensile strength was exhibited by
DIPTET-accelerated vulcanizates. The aging be-
havior of DIPTET-accelerated vulcanizates in
one-stage vulcanization was similar to that ob-
tained with DIPTRI-accelerated vulcanizates. As
usual the modulus of all the vulcanizates in-
creased during aging while a fall in tensile
strength was noticed.

The data for the physical properties of the aged
vulcanizates obtained in two-stage vulcanization
are recorded in Table VI. The values are given in
parentheses for the respective properties. It is

evident that during aging the modulus increased
with the increase of XNBR concentration. The
tensile strength of the aged samples also declined,
which is usual in this case. However, the fall in
tensile strength for the NR-rich combination ac-
celerated by DIPTRI (mix 39, Table VI) was low
compared to that (mix 3, Table III) obtained in
one-stage vulcanization. For other combinations
(mixes 49 and 59) the percentage fall in tensile
strength was almost similar to that obtained in
one stage, although the values of tensile strength
retained after aging were distinctly higher. The
aged vulcanizates of DIPTET-accelerated stocks
(mixes 89, 99, and 109) in two-stage vulcanization
behaved similarly.

The elongation at break values during aging as
shown in Table III and Table VI were usually low
for DIPTRI- and DIPTET-accelerated vulcani-
zates, depending upon the composition of the
blend and the type of vulcanization procedure
(one stage or two stage).

As can be seen from Table III and Table VI, the
hardness of the blend vulcanizates increased dur-
ing aging with the proportion of XNBR in the
blend for both the DIPTRI- and DIPTET-acceler-
ated vulcanizates. As usual, the vulcanizates con-
taining 75% XNBR attained the highest values.

The increase in modulus during aging is a com-
mon phenomenon. The fall in tensile strength for
the vulcanizates containing polysulfidic linkages
might be due to depletion13 of flexible polysulfidic
linkages that are thermolabile and thus are de-
composed during accelerated aging. In this pro-
cess additional sulfur from the polysulfides is ca-
pable of forming further crosslinkages, the result
being the enhancement of the modulus and hard-
ness. Actually, this was also observed in our case.

Figure 4 Rheographs of mixes 89–109 (Table III) cured at 160°C (second stage).

Table V Cure Characteristics of Two-Stage
Vulcanizates at 160°C Using Monsanto
Rheometer (R-100)

Mix 39 49 59 89 99 109

Ra (Nm) 3.40 3.60 4.10 3.85 4.05 4.50
t2 (min) 0.75 0.50 0.25 1.00 0.75 0.25
t90 (min) 4.00 5.00 7.00 4.25 5.00 6.50

Ra, maximum rheometric torque; t2, scorch time; t90, op-
timum cure time.
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Solvent Resistance

XNBR is notable for its unique oil and solvent
resistance property, while that for NR is rather
poor. In blends the interface crosslinking be-
tween NR and XNBR is likely to influence this
property. Thus, the swelling behavior of the
blend vulcanizates was expected to cast some
light in this regard. The swelling value, Q, de-
fined as the grams of solvent per gram of rubber

hydrocarbon, is readily calculated4 from the ex-
pression

Q 5
swollen weight 2 dried weight

original weight 3 100
formula weight

where formula weight is the total weight of rub-
ber plus compounding ingredients based on 100

Figure 5 The variation of the (a) 200% modulus and
(b) tensile strength against the blend composition in
the presence of DIPTRI.

Figure 6 The variation of the (a) 200% modulus and
(b) tensile strength against the blend composition in
the presence of DIPTET.

Table VI Physical Properties of Two-Stage Vulcanizates Cured at 160°C

Mix 39 49 59 89 99 109

200% Modulus (MPa) 0.81 (1.42) 1.02 (1.82) 1.60 (2.36) 0.95 (1.69) 1.21 (1.97) 1.70 (2.61)
Tensile strength (MPa) 15.8 (10.3) 17.0 (12.3) 21.5 (19.0) 16.5 (5.0) 18.6 (10.6) 23.1 (16.2)
Elongation at break (%) 720 (450) 630 (430) 600 (430) 650 (330) 650 (400) 610 (410)
Swelling index 2.19 1.52 0.84 2.10 1.42 0.75
Crosslinking value 0.45 0.66 1.19 0.47 0.70 1.34
Hardness Shore A 56 (58) 59 (63) 65 (71) 55 (60) 60 (65) 68 (72)

The values in the parentheses are the aged properties of the vulcanizates at 100 6 1°C for 72 h.
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parts of rubber. A comparison of the crosslinking
values was also made from the reciprocal of the
swelling values. Table III records swelling data
that provide the solvent resistance of vulcani-
zates obtained with DIPTRI and DIPTET in one-
stage vulcanization. It is evident that the NR
vulcanizates exhibited poor resistance while
those derived from XNBR showed quite signifi-
cant results, as expected. This property was how-
ever not pronounced in the 50:50 NR–XNBR
blends containing either DIPTRI or DIPTET.
NR–XNBR blends having a 25:75 ratio (mixes 5
and 10) did exhibit enhancement of solvent resis-
tance in the presence of both DIPTRI and
DIPTET, although this was much lower than that
obtained solely with XNBR. It can be seen from
the data that with the rise in the proportion of
XNBR in the blend, the solvent resistance prop-
erty (1/Q values) of the NR–XNBR vulcanizates
increased. This property was further enhanced in
the two-stage vulcanization process. It may be
reasonably expected that the interfacial
crosslinks caused swelling restriction of the
highly swollen phase. The swelling data for the
blend vulcanizates obtained with DIPTRI and
DIPTET in two-stage vulcanization are recorded
in Table VI. The data clearly indicated that the oil
resistance property of the blend vulcanizates in
two-stage vulcanization increased in the same
manner as in one-stage vulcanization, but the
values of 1/Q were increased further. These
higher 1/Q values suggested the formation of
more interfacial crosslinks between the elastomer
phases in two-stage vulcanization.

SEM Studies

The interfacial linking between NR and XNBR in
the presence of thiophosphoryl polysulfides is apt
to form a compact and coherent rubber matrix.
So, SEM studies were considered to throw some
light in this regard and thus tensile fractured
surfaces of the vulcanizates derived from thio-
phosphoryl polysulfide-accelerated blends of NR–
XNBR were chosen for the study. Figure 7(a–f)
depicts micrographs of DIPTRI-accelerated blend
vulcanizates in one-stage and two-stage vulcani-
zations. It is evident from the micrographs that as
the proportion of XNBR increased from 25 to 75%
in the blend the state of dispersion was progres-
sively improved and a reduction in vacuoles oc-
curred. This was true for both one-stage and two-
stage vulcanizates. However, the SEM micro-
graphs in two-stage vulcanization exhibited more

homogeneous surfaces than those obtained in one
stage. Here unidirectional ripples were also ob-
served in XNBR-rich combinations. All these facts
accounted for the significant enhancement of
physical properties for the DIPTRI-accelerated
vulcanizates, especially in two-stage vulcaniza-
tion. Figure 8(a–f) represents the tensile frac-
tured micrographs of DIPTET-accelerated NR–
XNBR blend vulcanizates. The micrographs indi-
cated the similarity in the architecture with those
obtained from DIPTRI-accelerated vulcanizates
in both one-stage and two-stage vulcanization.

In our previous study3 with SBR–XNBR blends
accelerated with thiophosphoryl disulfides we ob-
served the appearance of strong lines in the SEM
micrographs of tensile fractured surfaces of rub-
ber vulcanizates. It was suggested that chemical
bonding between SBR and XNBR conferred or-
dered orientation of the rubber matrix, the out-
come of which was the occurrence of these lines.
In the present study with NR and XNBR in the
presence of thiophosphoryl polysulfides we be-
lieve that a similar reaction took place between
these two rubbers.

In order to investigate further the formation of
interfacial bonds between the elastomer phases,
swelling experiments in connection with Kraus
plots were carried out.

For filled systems, the rubber–filler interaction
caused swelling restrictions of the elastomer net-
work. Similarly, in a vulcanized binary rubber
blend, if interfacial bonds exist, the lightly swol-
len dispersed phase restricts the swelling of the
highly swollen continuous phase. Thus, a situa-
tion existed that was analogous to the rubber–
filler concept and a similar mathematical and
graphical analysis could be applied.14 The lightly
swollen dispersed phase was considered as a
filler. The methods of analysis, assumptions, cal-
culations, and plotting of the swelling data follow-
ing the analogous filler systems of Kraus14 were
detailed by Zapp.15

The blend vulcanizates under investigation
swollen in isooctane:toluene (70:30) medium can
be treated by the Kraus equation14:

V0/V 5 1 2 Mv/1 2 v

where V0 is the volume fraction of NR in the
swollen gel of the pure NR vulcanizate, V is the
volume fraction of NR in the swollen NR–XNBR
blend vulcanizate, v is the volume fraction of
XNBR in the blend vulcanizates, and M is a pa-
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Figure 7 SEM micrographs of the tensile fractured surfaces of the vulcanizates
containing DIPTRI cured at 160°C: (a) NR:XNBR (75:25) blend (one stage) at an
original magnification of 2003, (b) NR:XNBR (75:25) blend (two stage) at an original
magnification of 2003, (c) NR:XNBR (50:50) blend (one stage) at an original magnifi-
cation of 5003, (d) NR:XNBR (50:50) blend (two stage) at an original magnification of
1503, (e) NR:XNBR (25:75) blend (one stage) at an original magnification of 3003, and
(f) NR:XNBR (25:75) blend (two stage) at an original magnification of 3003.
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Figure 8 SEM micrographs of tensile fractured surfaces of the vulcanizates contain-
ing DIPTET cured at 160°C: (a) NR:XNBR (75:25) blend (one stage) at an original
magnification of 2003, (b) NR:XNBR (75:25) blend (two stage) at an original magnifi-
cation of 5003, (c) NR:XNBR (50:50) blend (one stage) at an original magnification of
2003, (d) NR:XNBR (50:50) blend (two stage) at an original magnification of 5003, (e)
NR:XNBR (25:75) blend (one stage) at an original magnification of 5003, and (f)
NR:XNBR (25:75) blend (two stage) at an original magnification of 3803.
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rameter depending on V0 and the extent of swell-
ing restriction. Kraus plots (i.e., plots of V0/V vs.
v/1 2 v) form straight lines with slope 2M. If no
strong bonds exist between the two polymer
phases, there is no swelling restriction by the
lightly swollen phase; V0/V remains near unity

and the slope M is near zero. On the other hand,
if strong interfacial bonds cause swelling restric-
tions, slope M becomes negative. In the present
investigation the slopes of the lines obtained from
several NR–XNBR blends, as shown in Figure 9,
were found to be negative and these corroborated
the suggestion pertaining to the formatiom of
strong interrubber bonds.
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Figure 9 Kraus plots of NR–XNBR blends in the
presence of (a) DIPTRI and (b) DIPTET.
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