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ABSTRACT: In this article, a new nitrile–butadiene rub-
ber (NBR) crosslinked composites containing poly(viny
chloride) (PVC) and hindered phenol (AO-80 and AO-60)
was successfully prepared by melt-blending procedure.
Microstruture and dynamic mechanical properties of the
composites were investigated using SEM, DSC, XRD, and
DMTA. Most of hindered phenol was dissolved in the
NBR/PVC matrix and formed a much fine dispersion. The
results of DSC and DMTA showed that strong intermolec-
ular interaction was formed between the hindered phenol
and NBR/PVC matrix. The NBR/PVC/AO-80 crosslinked
composites showed only one transition with higher glass
transition temperature and higher tan d value than the

neat matrix, whereas for the NBR/PVC/AO-60 crosslinked
composites, a new transition appeared above the glass
transition temperature of matrix, which was associated
with the intermolecular interaction between AO-60 and
PVC component of the matrix. Both AO-80 and AO-60 in
the crosslinked composites existed in amorphous form.
Furthermore, the chemical crosslinking of composites
resulted in better properties of the materials, e.g., consider-
able tensile strength and applied elastic reversion. � 2008
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INTRODUCTION

Rubber materials with low-frequency vibration and
sound waves damping in the sonic and ultrasonic
ranges are finding numerous applications, especially
in the aircraft, automobile, and appliance industries.
Based on the damping theory,1,2 the damping proper-
ties can be determined by dynamic mechanical behav-
ior. The loss tangent tan d and the loss modulus E00

are measures of the damping that requires transfor-
mation the mechanical energy into heat. The damping
properties of rubber materials are dominated by the
glass transition, usually, the useful damping tempera-
ture range is about 20–308C around the glass transi-
tion temperature. Some methods could be used to
modify the dynamical properties of rubber, such as
the interpenetrating polymer network blend and
copolymerization.3–10 But all of these methods could
not obtain a damping material with a high tan d value
and a wide temperature rang at the same time. Wang
et al. developed a new gradient polymer with a wide
damping temperature range by in situ chemical modi-

fication of rubber during vulcanization. This gradient
polymer exhibited a wide transition temperature
range over 1008C with a peak half width of 698C.11

During recent years, some studies have been
devoted to organic hybrids consisting of polar poly-
mers and small organic molecules because of their
special properties.12–15 Pioneered research conducted
by Wu et al. revealed that, as compared to the neat
rubbers (e.g., chlorinated polyethylene CPE), the
organic hybrids consisting of hindered phenol and
thermoplastic elastomer could obtain much higher
dynamic mechanical loss property.12–15 They consid-
ered that when the hindered phenol particles, such as
AO-80, are abundantly mixed with CPE, a minority of
the AO-80 seems to be dissolved into the CPE matrix,
but most of the AO-80 forms domains composed of
an AO-80-rich phase, including some CPE molecules.
The intermolecular hydrogen bond was formed
between the a-hydrogen of CPE and the hydroxyl
group of AO-80 in this domain. As a result, a new
transition appeared above the glass transition of CPE
matrix, which was assigned to the dissociation of the
intermolecular hydrogen bond.

However, CPE and acrylic rubber (ACM) were the
only two polymers studied in this field by researchers
at present.11,13 Moreover, previous studies did not
chemically crosslink these rubber hybrids, which
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would be possibly harmful to the tensile strength and
elastic recovery property, especially for ACM. And
also, no tensile properties were reported in referen-
ces.

In this research, the compound of nitrile–butadiene
rubber (NBR) and poly(vinyl chloride) (PVC) (the
blend ratio is 70 : 30, wt %) was selected to prepare the
crosslinked rubber composites with two kind of hin-
dered phenol : 3,9-bis[1,1-dimethyl-2{b-(3-tert-butyl-4-
hydroxy-5-methylphenyl)propionyloxy}ethyl]-2,4,8,10-
tetraoxaspiro[5,5]-undecane (AO-80) and tetrakis
[methylene-3-(3-5-ditert-butyl-4-hydroxy phenyl)pro-
pionyloxy]methane (AO-60), respectively. As com-
pared to CPE, the nitrile group in NBR has stronger
polarity than the chlorine/carbon and -hydrogen/car-
bon bonds in CPE, and the polarity of the PVC mole-
cule is also stronger than CPE. That is to say the matrix
of NBR/PVC could form stronger intermolecular
interaction with hindered phenol compared to CPE,
and these will endow the NBR/PVC/hindered phenol
composites good damping properties. Moreover,
crosslinking was first introduced into the rubber/hin-
dered phenol composites, which would greatly improve
the tensile strength and elastic recovery property.
Such a material design pushes rubber/hindered phe-
nol composites into a more applied stage.

EXPERIMENTAL

Materials

NBR/PVC compound (the blend ratio is 70 : 30 and
the Mooney viscosity is 70) was produced by Taiwan
Nantex Chemical Industry Co., with a acrylonitrile
weight percentage of 33% in NBR, which was abbre-
viated as NBVC in this article. AO-80 powder (ADK
STAB) with the chemical purity was obtained from
Asahi Denka Co. (Tokyo, Japan). AO-60 power was
obtained from Beijing Additive Research Institute
(Beijing, China), and the purity is 99.6%. Figure 1 is
the chemical structure of AO-80 and AO-60. After the
as-received AO-80/AO-60 was heated to 1608C and
quickly quenched in liquid nitrogen, the quenched
AO-80/AO-60 was obtained with the glass transition
temperature of 40.98C and 468C, respectively, which
was used as comparison sample in this article. Other
chemicals and ingredients were purchased in China.
All materials were used without further purification.

Sample preparation

NBVC/hindered phenol composites were prepared
using the following procedures: (1) After NBVC was
kneaded on a two-roll mill for 3 min at room temper-
ature, hindered phenol was added with the NBVC/
hindered phenol ratios of 100/0, 100/10, 100/30, 100/
50, and 100/70; subsequently, the mixtures were

blended at room temperature for 5 min to obtain the
first-step NBVC/hindered phenol composites (which
were termed as NBVC/hindered phenol-a compo-
sites). (2) NBVC/hindered phenol-a composites were
directly kneaded on the two-roll mill for 5 min at
1358C (the temperature was higher than the melting
point of AO-80 and AO-60) and cooled off at room
temperature to obtain NBVC/hindered phenol-b
composites. (3) After the NBVC/hindered phenol-b
composites being cooled off, they were further
mixed with crosslinking/compounding additives and
blended on the two-roll mill at the room temperature
for 10 min. (4) The mixture samples were finally hot-
pressed and vulcanized at 1608C on an electrically
heated hydraulic press with 15 MPa pressure for their
optimum cure times (i.e., t90) determined by a disc
rheometer (P355C2, Beijing Huanfeng Chemical Tech-
nology and Experimental Machine Plant, China) to
obtain NBVC/hindered phenol-c crosslinked compo-
sites.

In the composites, the recipe was 100 phr (parts per
hundred of rubber by weight) NBVC, 5.0 phr zinc
oxide, 2.0 phr stearic acid, 1.0 phr dibenzothiazole di-
sulfide, 0.5 phr tetramethylthiuram disulfide, 2.0 phr
sulfur, variable AO-80 and AO-60.

Analysis and characterization

Morphological, structural, and mechanical properties
of the prepared NBVC/hindered phenol composites
(including NBVC/hindered phenol-a, NBVC/hin-
dered phenol-b, and NBVC/hindered phenol-c com-
posites) were characterized using the instrumentation
of SEM, DSC, XRD, DMTA, and tensile tester. The
SEM images were taken from the representative frac-
ture surfaces of the NBVC/AO-80 composites, using
a XL-30 field emission ESEM made by FEI company
in USA. The SEM specimens were prepared by frac-
turing the composites in liquid nitrogen. DSC mea-
surements were performed with a DSC 204F1 calo-
rimeter made by Netzsch Company in Germany. The
DSC curves were recorded from 260 to 1508C at a
heating rate of 108C/min. XRD data were acquired
from a Rigaku D/Max 2500VBZt/PC X-ray diffrac-

Figure 1 Chemical structure of AO-80 and AO-60.
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tometer Rigaku Corporation in Japan. The XRD data
were recorded in the diffraction angle range of 3–308.

Dynamic mechanical properties were carried out
with a Dynamic Mechanical Thermal Analyzer (Rheo-
metric Scientific DMTA) made by Rheometric Scientific
Co. (New Jersey). The dimensions of the DMTA sam-
ples were 20-mm long, 6-mm wide, and 1-mm thick.
The temperature dependence of the dynamic tensile
module was measured in the range between 260 and
1508C, with the frequency of 1 Hz and the heating rate
of 38C/min. Tensile tests were conducted according to
ASTM D 412. Dumbbell-shaped specimens of the
NBVC/AO-80 composites were tested on a LRX plus
Tensile Tester made by Lloyd Instruments (UK).

RESULTS AND DISCUSSION

NBVC/AO-80 crosslinking composites

Morphology of NBVC/AO-80 crosslinking
composites

The representative SEM images of the prepared com-
posites of the NBVC/AO-80(100/50) were shown in

Figure 2. First, it is clearly indicated that the normal
mechanical blending of AO-80 and NBVC at the room
temperature will lead to poor dispersion of AO-80 in
the NBVC matrix, as so many big AO-80 particles
(i.e., in the size of micrometers) could be observed in
Figure 2(a). Besides, the interfacial adhesion between
AO-80 particles and NBVC matrix was very weak,
indicated by numerous holes due to the removal of
AO-80 particles from the fracture surface. However,
after NBVC/AO-80a(100/50) composite was kneaded
on the two-roll mill for 5 min at 1358C (higher than
the melting point of AO-80), as shown in Figure 2(b),
the number and the average size of the dispersed AO-
80 particles greatly decreased in the composite, which
was termed as NBVC/AO-80b(100/50). During the
kneading at 1358C, AO-80 particles melted into liquid
form and then the liquid AO-80 could be easily dis-
solved into the polymer matrix, and so it is quite
expectable that the original AO-80 particles had been
dissolved in the matrix. Consequently, it would be
more likely to allow AO-80 molecules to form strong
interaction with the polar group in the matrix and
also greatly reduced the cohesive energy of AO-80

Figure 2 SEM images of the NBVC/AO-80(100/50) composites. (a) and (b) were NBVC/AO-80a(100/50) and NBVC/
AO-80b(100/50), respectively; (c) and (d) were NBVC/AO-80c(100/50).
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during dispersing; as a result, a much fine dispersion
was formed. And then, a few of AO-80 separated out
from the matrix to form the submicron size particles
during the following cool procedure, probably
because the solubility of AO-80 in the matrix
decreased at lower temperature, as also shown in
Figure 2(b). During the following vulcanization pro-
cess, the AO-80 molecules would diffuse into matrix
from the AO-80 particles and the particle size de-
creased for that matter. On the other hand, the
NBVC/AO-80c(100/50) composite formed a three-
dimensional rubbery network, which could greatly
depress the dissolvability of AO-80 molecules in the
matrix. Consequently, the self-aggregation of AO-80
molecules was promoted, which resulted in the in situ
generation of the particles. But with the degree of vul-
canization increased, the reaggregation would be re-
stricted by crosslinking network, so that the size of
the reaggregation AO-80 particles were much smaller
than that in NBVC/AO-80b(100/50).

The final dispersion structure of NBVC/AO-
80c(100/50) was much fine, as illustrated in Figure
2(c): most AO-80 was dissolved in the matrix, and the
partial was dispersed with the average size from tens
of nanometer to 0.3 lm. The bright bigger particles in
Figure 2(c) were the ZnO proved by element analysis
attached with SEM, which was the one component of
sulfur curing system. Figure 2(d) was the high magni-
fication image of a small area in Figure 2(c).

Crystallization and glass transition of NBVC/AO-80
crosslinking composites

Figure 3(a) showed the DSC curves of the prepared
NBVC/AO-80(100/50) composites. The DSC curves
of AO-80 and unvulcanized NBVC were also in-
cluded for comparison. As shown in Figure 3(a), the
as-received AO-80 powder had the melting tempera-
ture around 1228C, and the unvulcanized NBVC had
the glass transition temperature around 223.48C (the
endothermic peak around 908C is associated with the
microcrystalline PVC in the blends16,17). Compared
with the as-received AO-80, the quenched AO-80 did
not display any melting peak around 1228C, indicat-
ing the polymorphous nature of AO-80. The NBVC/
AO-80a(100/50) composite displayed both melting
peak and glass transition characteristics, indicating
that AO-80 and NBVC in the composite were not
mixed well, which was consistent with the SEM
results [Fig. 2(a)]. The early start of melting and the
blunting of melting peak of AO-80 in the NBVC/AO-
80a(100/50) composite suggested that the dissolving
of AO-80 in matrix could happen with the increase in
temperature during DSC measurement. However, in
the NBVC/AO-80b(100/50) composite, the glass tran-
sition temperature of NBVC obviously shifted from
223.48C to 0.18C and the melting peak of AO-80 dis-

appeared, which implied that AO-80 could be in an
amorphous state or much finely dispersed in the ma-
trix; moreover, a strong intermolecular interaction
between AO-80 and matrix could result. Since the Tg

of AO-80 was not observed, combining the SEM
results, the hypothesis of fine dispersion should be
approved. As aforedescribed, when the composite
was kneaded at 1358C, AO-80 melted, and was likely
to form strong intermolecular interaction with NBVC
matrix. The strong intermolecular interaction acted as
physical crosslinking points and remarkably re-
stricted the mobility of matrix macromolecules, which
greatly improved the glass transition temperature of
NBVC. At the same time, during the subsequent cool-
ing, the AO-80 molecules could not reaggregate and
crystallize, mainly because of the strong intermolecu-
lar interaction and partly because of the fast cooling

Figure 3 DSC (a) and XRD (b) curves of NBVC/AO-
80(100/50) composites as well as quenched AO-80, neat
AO-80, and NBVC.
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rate. As a result, the AO-80 melting peak disap-
peared. After the NBVC/AO-80b(100/50) composite
further underwent hot-pressing and crosslinking pro-
cess to give the NBVC/AO-80c(100/50) crosslinked
composite, the DSC curve showed little difference,
except that the glass transition temperature of NBVC
was further increased by 98 due to the chemical cross-
linking.

Figure 3(b) showed the X-ray diffraction patterns of
the prepared NBVC/AO-80(100/50) composites as
well as the neat AO-80, quenched AO-80, and NBVC
matrix. The as-received and quenched AO-80 dis-
played typical crystalline and amorphous characteris-
tic, respectively. The diffraction pattern of the
NBVC/AO-80a(100/50) composite was similar to that
of the neat AO-80, indicating that the AO-80 in the
NBVC/AO-80a(100/50) composite was in crystalline
form. However, the diffraction patterns of NBVC/
AO-80b(100/50) and NBVC/AO-80c(100/50) indi-
cated that AO-80 in both composites were amor-
phous. The XRD results were consistent with the DSC
results, and further supported the aforediscussions.

Dynamic mechanical property of NBVC/AO-80
crosslinking composites

The loss tangent tan d is the crucial measure of the
damping property of materials. The temperature de-
pendence of the loss tangent (tan d) values of the pre-
pared NBVC/AO-80c crosslinked composites with
various mass ratios of NBVC/AO-80 was shown in
Figure 4. It was different from the CPE/AO-80 com-
posites in previous work,12 and every single compos-
ite had only one tan d peak, which was corresponding
to the glass transition of the composites. This charac-
teristic is consistent with that expressed by DSC. Fur-
thermore, the tan d peaks shifted to higher tempera-

tures with increase in AO-80 amount in the compo-
sites. This result once again supported that, in the
NBVC/AO-80c composites, the interaction between
matrix and AO-80 was very strong, and the disper-
sion of AO-80 in the matrix was very fine, even at a
very high ratio of AO-80 to NBVC matrix. The fine
dispersion of AO-80 at the very high loading in return
approved strong interaction between AO-80 and ma-
trix, which limited the phase separation.

More importantly, with increase in the AO-80
amount from 0 to 70 phr, peak values of the tan d of
the NBVC/AO-80c crosslinked composites increased
from 0.95 to 1.56, and the tan d peaks around the
room temperature also became distinctly wider. Such
uncommon increase of the tan d value was very inter-
esting. As well investigated, the introduction of inor-
ganic fillers18–20 (e.g., carbon black, silica, and metal
oxide/hydroxide) or organic small molecules21

(which act as a plasticizer of a bulk polymer) into
polymer matrix lead to a direct decrease of the tan d
value because of the volume effect or plasticizing
effect. In normal case, the interaction between the fil-
ler and the polymer chain is very weak. The decrease
of polymer amount in the composites could directly
affect the tan d value of the composites. For the
NBVC/AO-80c crosslinked composites, however,
the increase in tan d value could be attributed to the
strong intermolecular interaction between the fine
dispersed AO-80 molecules/particles and the rubber
matrix, which effectively restricted the motion of
rubber macromolecules and increased the intermole-
cular friction during dynamic deformation. The high
energy dissipation of intermolecular interaction under
dynamic deformation was responsible for the remark-
able increase of tan d values. High tan d in glass tran-
sition region suggested that the NBVC/AO-80c com-
posites could be a good damping material at the
corresponding working temperature range.

The temperature dependence of the storage modu-
lus E0 of the NBVC/AO-80c crosslinked composites
with various mass ratios of NBVC/AO-80 was shown
in Figure 5. All the storage modulus curves displayed
only one transition, which further proved the fine dis-
persion of AO-80 in the matrix. Based on our knowl-
edge, in the case of inorganic fillers filled rubber
composites, the E0 value increased obviously as the
content of the filler increased.18 But in the case of
NBVC/AO-80c crosslinked composites, the E0 value
in the glassy region did not vary much as the content
of AO-80 increased, whereas those in the rubbery
region significantly decreased, leading to the increase
of the relaxation strength. This could be explained as
that the modulus of amorphous AO-80 particles was
approximate to the crosslinked matrix, and so the
AO-80 particles had little effect on the matrix’s E0. In
addition, the glass transition temperature of the
amorphous AO-80 particles was about 40.98C when

Figure 4 Temperature dependence of the loss tangent
values for NBVC and NBVC/AO-80c crosslinked compo-
sites.
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the temperature exceeded this value, and the particles
began to become soft and act as plasticizer, which
decreased the E0 value at the rubber region of NBVC/
AO-80 crosslinked composites.

NBVC/AO-60 crosslinking composites

Morphology of NBVC/AO-60 crosslinking
composites

The morphology changes of the NBVC/AO-60(100/
50) composite during the preparation process were
shown in Figure 6. It was similar to the NBVC/AO-
80(100/50) composite: in the NBVC/AO-60a (100/
50), AO-60 was dispersed with the micron size in the
NBVC matrix and the interfacial bonding of AO-60
particle/matrix was not strong; and then after the hot
mixing process, AO-60 original particles were partly
dissolved in the matrix, and the AO-60 that separated
out from the matrix was dispersed as submicron par-
ticles. During vulcanization process, the size of rem-
nant AO-60 particles further decreased to form the
final dispersion structure in Figure 6(c,d) [the high
magnification image of a small area in Fig. 6(c)]: par-
tial AO-60 was dissolved in the matrix, and the other
was dispersed with the size of 0.3–1 lm, which were
bigger than the AO-80 particles in the NBVC/AO-
80c(100/50) [Fig. 2(c,d)] owing to the lower compati-

Figure 5 Temperature dependence of the storage modulus
E0 for NBVC and NBVC/AO-80c crosslinked composites.

Figure 6 SEM images of the NBVC/AO-60(100/50) composites. (a) and (b) were NBVC/AO-60a(100/50) and NBVC/
AO-60b(100/50), respectively; (c) and (d) were NBVC/AO-60c(100/50).
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bility of AO-60 and matrix. Compared with the Figure
2(b–d), it was clearly found that the number of par-
ticles in the NBVC/AO-60 composites was much
more than that in NBVC/AO-80 composites, indicat-
ing that less AO-60 was dissolved in the matrix owing
to lower solubility of AO-60 in the matrix than that of
AO-80.

Crystallization and glass transition of NBVC/AO-60
crosslinking composites

Figure 7 showed the DSC curves of the NBVC/AO-
60c crosslinked composites; AO-60, quenched AO-60,
and NBVC were also included for comparison. As
shown in Figure 7, the as-received AO-60 powder
had the melting temperature around 1248C, but the
quenched AO-60 presented a glass transform at 468C
and the melting peak disappeared indicating the
polymorphous nature of AO-60, which is similar to
AO-80. However, after hot mixing with NBVC and
then vulcanized, the melting peak of AO-60 disap-
peared, suggesting that AO-60 existed in amorphous
form. Furthermore, the glass transition temperature
of the composites increased with increase in AO-60
content, which is due to the intermolecular interac-
tion between AO-60 and NBVC matrix. But the
increasing magnitude of glass transition temperature
of NBVC/AO-60 composites was much less than
NBVC/AO-80 composites [Fig. 3(a)], because the
intermolecular interaction was weaker than AO-80
composites.12,13

Figure 8 showed the XRD curves of the NBVC/AO-
60 composites as well as the quenched AO-60, neat
AO-60, and NBVC matrix. The as-received and
quenched AO-60 displayed typical crystalline and
amorphous characteristic, respectively. The diffrac-
tion patterns of NBVC/AO-60 crosslinked composites
indicated that AO-60 in each composite was amor-

phous, which was consistent with the DSC results.
Additionally, when the AO-60 loading was higher
than 50 phr, there was a slender diffraction peak at 2y
5 68 and the diffraction strength slightly increased as
the AO-60 content increased. It was due to the num-
ber of undissolved AO-60 particles increased in the
matrix as the AO-60 content increased and the size of
AO-60 particles in NBVC/AO-60c(100/50) were big-
ger compared with the lower AO-60 content cross-
linked composites. Because the cool speed inside the
larger particles was slower than the smaller ones, the
AO-60 molecules in those larger particles had more
time to rectify the molecules’ conformation to form
orderly structure. Therefore, we could assign the
endothermic peaks around 1108C on the DSC curves
of NBVC/AO-60c(100 : 50, 100 : 70), as shown in Fig-
ure 7, to this orderly structure of AO-60.13

Dynamic mechanical property of NBVC/AO-60
crosslinking composites

The temperature dependence of the loss tangent val-
ues (tan d) of the prepared NBVC/AO-60c cross-
linked composites with various mass ratios of
NBVC/AO-60 was shown in Figure 9. As shown in
Figure 9, the NBVC matrix had only one tan d peak;
but after mixing with AO-60 (30, 50, and 70 phr), a
new transition appeared above the glass transition
temperature of the matrix. Furthermore, the tan d
value of two transitions increased and the tan d posi-
tion of the matrix shifted to higher temperature with
increasing AO-60 content. As discussed in the
NBVC/AO-80c crosslinking composites, the intermo-
lecular interaction could prominently improve the tan
d value of the matrix. Similarly, in the NBVC/AO-60
composites, the hydroxyl group of the AO-60 mole-
cules formed intermolecular interaction with the

Figure 7 DSC curves of NBVC/AO-60c crosslinked com-
posites as quenched AO-60, neat AO-60, and NBVC.

Figure 8 XRD curves of NBVC/AO-60c crosslinked com-
posites as quenched AO-60, neat AO-60, and NBVC.
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nitrile group of NBR, which acted as the physical
crosslinked joints and improved the tan d value and
the glass transition temperature of the cured NBR
component. The new transition above the glass transi-
tion of temperature NBVC matrix in the NBVC/AO-
60 crosslinking composites was caused by the inter-
molecular interaction between the hydroxyl group of
the AO-60 and the chlorine of PVC. Compared with
the AO-80 composites, the reason for appearance of
this new transition in AO-60 composites could be
explained by the steric effect of the bigger AO-60 mol-
ecules. As shown in Figure 1, there were two tert-
butyl groups beside the hydroxyl group in AO-60
molecules, while there was only one tert-butyl group
and a small methyl group near the hydroxyl group of
AO-80. Moreover, the volume of the chlorine in PVC
was smaller than that of the nitrile group in NBR. As
a result, the chlorine of PVC would interact more eas-
ily with the hydroxyl group of AO-60 to form inter-
molecular interaction in the NBVC/AO-60 compo-
sites. But when the loading of AO-60 was lower than
10 phr in the NBVC/AO-60 composites, it would
preferentially be dispersed in the NBR component,
because the volume percentage of NBR was much
higher than PVC component. It was the reason why
the NBVC/AO-60(100/10) composite did not mark-
edly show the new transition. But when the AO-60
content was higher than 10 phr in the composites, the
contact between AO-60 and PVC molecules increased,
and so the intermolecular interaction between PVC
and AO-60 was enhanced.

Compared with Figures 4 and 9, it is quite expect-
able that the intermolecular interaction primary
formed between AO-80 and NBR component in the
NBVC/AO-80 crosslinked composites, while in the
NBVC/AO-60 crosslinked composites, the interaction
between AO-60 and PVC component acted important

effect as well as the interaction between AO-60 and
NBR component.

Figure 10 showed the temperature dependence of
the storage modulus E0 of the NBVC/AO-60c cross-
linked composites. Different from NBVC/AO-80c
composites, the E0 curves of NBVC/AO-60c compo-
sites showed two transitions region and three plateau
regions. The first transition was associated with the
glass transition of the rubber matrix and the transition
temperature increased with the increase in AO-60
content, as discussed in the DSC curves (Fig. 7). The
second transition was assigned to the dissociation of
the in intermolecular interaction between PVC and
AO-60. The E0 in intermediate plateau was amplified
in the top right corner of Figure 10. It was clearly
showed that the E0 value of NBVC/AO-60c (100/10)
was lower than the neat matrix; but when the AO-60
content was higher than 10 phr, the E0 of NBVC/AO-
60c increased continuously in respect that the inter-
molecular interaction between PVC and AO-60 was
enhanced.

Static mechanical property of NBVC/hindered
phenol(AO-60,AO-80) crosslinked composites

The mechanical properties of the NBVC/AO-60c and
NBVC/AO-80c crosslinked composites were sum-
marized in Table I. The unvulcanized NBVC/AO-
80b(100/50) composite which could not be used prac-
tically exhibited low tensile strength and high perma-
nent set. But after curing, the tensile strength of
NBVC/AO-60c and AO-80c crosslinked composites
was much improved, and as indicated by NBVC/AO-
80(100/50), the tensile strength of the vulcanized
composites was much higher than that of unvulcan-
ized one. Additionally, at the same loading of hin-
dered phenol, the maximum strength of NBVC/AO-

Figure 9 Temperature dependence of the loss tangent
values for NBVC and NBVC/AO-60c crosslinked compo-
sites.

Figure 10 Temperature dependence of the storage modu-
lus E0 for NBVC and NBVC/AO-60c crosslinked compo-
sites.
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80c composites was much higher than that of NBVC/
AO-60c composites for the reason that the intermolec-
ular interaction in NBVC/AO-8c0 composites was
stronger than that in NBVC/AO-60c composites.
Moreover, it clearly indicated in Table I that the
NBVC/hindered phenol crosslinked composites had
a small permanent residual deformation and could be
used in industry in most cases, especially for NBVC/
AO-80c composites.

CONCLUSIONS

A new rubber crosslinked composite containing hin-
dered phenol (AO-80 and AO-60) was successfully
prepared by melt-blending procedure. In the NBVC/
AO-80c crosslinking composites, most AO-80 dis-
solved in the NBVC matrix and formed strong inter-
molecular interaction with NBR of the matrix. All the
NBVC/AO-80c crosslinked composites had only one
tan d peak. Furthermore, the tan d peaks shifted to
higher temperatures and the tan d value increased
with increase in AO-80 amount in the composites. But
in the NBVC/AO-60c composites, because most of
the AO-60 had formed intermolecular interaction
with the PVC component of the matrix, a new transi-
tion appeared above the glass transition temperature
of the matrix, and the tan d value of this novel transi-
tion increased with the increase in AO-60 loading.
Both AO-80 and AO-60 in the crosslinked composites
existed in amorphous form. As expected, curing had
significant effect on improving the tensile strength
and other mechanical properties of the NBR/PVC/
hindered phenol composites. All the crosslinked
NBVC/hindered phenol showed considerable tensile
strength and very low permanent set. The NBVC/

hindered phenol crosslinked composites could be
used as good damping materials.
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TABLE I
The Mechanical Properties of NBVC/AO-60c and NBVC AO-80c Crosslinked

Properties

Loading of AO-60 (phr) Loading of AO-80 (phr)

0 10 30 50 70 10 30 50 70 50a

Hardness (Shore A) 75 83 90 94 95 85 93 95 95 –
Tensile strength (MPa) 10.7 14.3 15.1 15.1 10.2 12 14.7 17.8 19.9 4.5
Elongation at break (%) 366 364 403 402 385 399 458 462 476 1000
Permanent set (%) 6 8 12 28 44 8 12 24 36 >100

a Unvulcanized NBVC/AO-80 b (100/50) composite.

114 XIANG ET AL.

Journal of Applied Polymer Science DOI 10.1002/app


