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ABSTRACT: A thermoplastic vulcanizate (TPV) of a eth-
ylene–propylene–diene terpolymer (EPDM) and nylon co-
polymer (PA) was prepared by dynamic vulcanization. Ma-
leic anhydride (MAH)–grafted EPDM (EPDM–g–MAH),
MAH-grafted EPR (EPR–g–MAH), and chlorinated polyeth-
ylene (CPE) were used as compatibilizers. The effect of
dynamic vulcanization and compatibilizer on the crystalli-
zation behavior of PA was investigated. Differential scan-
ning calorimeter measurement results showed no pro-
nounced shift in the crystallization temperature for PA in
EPDM–PA TPV compared to that for PA in the neat state,
whereas the crystallization temperature increased after add-
ing compatibilizer. The decrease in the crystallinity of TPVs
was a result of the crystallization occurring in confined
spaces between rubber particles. The equilibrium melting
temperature (Tm0) of the PA copolymer was measured and
was determined to be 157°C. The isothermal crystallization
kinetics of PA in the neat and TPV states also was investi-
gated. The crystallization rate was highest in the compatibi-
lized TPV and lowest in the neat PA, whereas it was inter-
mediate in the uncompatibilized TPV unvulcanized blends.

Compared with unvulcanized EPDM–PA blends, the dy-
namic vulcanization process seemed to cause an obvious
increase in the crystallization rate of the PA copolymer,
especially when a suitable compatibilizer was used. This
occurred because the dynamic vulcanization introduced fine
crosslinked rubber particles that could act as heterogeneous
nucleating centers. In addition, the use of a suitable com-
patibilizer permitted the formation of finely dispersed vul-
canized rubber particles and therefore increased the density
of the nucleating centers. The complex morphology of the
blends was investigated by atomic force microscopy to eval-
uate the effect of compatibilizer on the size of the dispersed
rubber particles. Compared with the morphology of TPVs
with the same dosage of EPDM–g–MAH compatibilizer, the
morphology of TPVs using EPR–g–MAH as compatibilizer
showed much smaller dispersed rubber particles, which
may have contributed to the higher crystallization rate.
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Key words: nylon copolymer; crystallization; dynamic vul-
canization; compatibilizer

INTRODUCTION

Dynamic vulcanization, the process of vulcanizing
elastomer during melt-mixing with molten thermo-
plastic, is the best way to prepare thermoplastic vul-
canizates (TPVs), which combine the excellent pro-
cessing characteristics of thermoplastics with the elas-
tic properties of elastomers. The elastic properties of
TPVs are similar to the more conventional class of
thermoplastic elastomers based on hard-segment and
soft-segment block copolymers.1,2 Dynamic vulcaniza-
tion was first described by Gessler3 in 1962 and then
developed by Fisher4 and Coran et al.5,6 This technol-
ogy has led to a significant number of new thermo-
plastic elastomeric products commercialized during
the mid- to late 1980s.7 Some thermoplastic elastomers

that were vulcanized through dynamic vulcanization
have been commercialized with trade names such as
Santoprene and Geolast.

A well-known commercial example of dynamically
vulcanized thermoplastic-elastomer compositions are
blends of polypropylene (PP) and ethylene–pro-
pylene–diene terpolymer rubber (EPDM).8 These
TPVs are prepared by first melt-mixing PP with
EPDM, forming a cocontinuous phase morphology.
Subsequently, a vulcanizing agent is added to
crosslink the EPDM rubber phase, and the crosslinked
rubber phase is sheared into small particles and then
finely dispersed in the thermoplastic matrix. Research
on the dynamic vulcanization of blends of EPDM elas-
tomer with PE,8 blends of nitrile elastomer with ny-
lon,9 and blends of chlorinated polyethylene rubber
with nylon10 have also been reported. However, few
articles are available on dynamic vulcanization of EP-
DM–nylon blends. Ma et al. studied the structure and
properties of EPDM–nylon copolymer high-perfor-
mance elastomer11–12; however, the elastomer was
prepared by static vulcanization.

EPDM–nylon TPV is difficult to prepare because of
the high interfacial energy between the two compo-
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nents. By using a suitable compatibilizer and dynamic
vulcanization, EPDM–nylon copolymer TPV was suc-
cessfully developed, as described in our early work.13

Different variables may affect the properties of EP-
DM–nylon blends: the ratio of EPDM to nylon, the
volume fraction of compatibilizer, the molecular
weight, the viscosity of EPDM and nylon, the compo-
sition and functionality of the compatibilizer, and the
crystalline structure of these systems. This article fo-
cuses on the effect of dynamic vulcanization on the
crystallization behavior of EPDM–nylon copolymer
TPV and on the alteration of the crystallization behav-
ior caused by the compatibilizer.

Atomic force microscopy (AFM) has been recog-
nized as a powerful surface characterization technique
and has been widely used to study the surface mor-
phology of homopolymers,14–15 block copoly-
mers,16–18 and polymer blends.19–24 In this study AFM
measurements were used to evaluate the effect of com-
patibilizer on the size of the dispersed rubber particles
and on changes in the crystallization behavior of the
PA copolymer matrix in TPVs.

EXPERIMENTAL

Materials

Ethylene–propylene–diene terpolymer EP4045 (ENB
type), with a propylene content of 35.9 mol % and
ML1�4 (100°C) � 42, came from Jilin Petroleum
Chemical Co., Ltd. (Jilin, China). A copolymer of ny-
lon 1010, nylon 6-6, and nylon 6 (70% nylon 1010, 20%
nylon 6-6, 10% nylon 6) with a melting point of 150°C
was produced by the Shanghai Celluloid Factory
(Shanghai, China). EPR–g–MAH 1801 came from
Exxon Co. Ltd. (Houston, TX). EPDM–g–MAH (graft-
ing degree 1.0%) was synthesized in our own labora-
tory. Chlorinated polyethylene (CPE) with a chlorine
content of 36% was from Jiangsu Dongtai Chemical
Factory (Lianyungang, China). Zinc oxide (ZnO),
stearic acid (SA), tetramethylthiuram disulfide
(TMTD), N,N�-m-phenylene bismaleimide (HVA-2),
dibenzothiazyl disulfide (MBTS), dicumyl peroxide
(DCP),and sulfur were used as received.

Preparation of EPDM–PA TPV

Prior to the melt-mixing operations, all materials were
dried under vacuum at 80°C overnight. The prepara-
tion of EPDM–PA TPV was performed at 180°C and 80
rpm in a Haake Rheocord 90 batch mixer. After 1 min
of melting the nylon–compatibilizer blends in the
mixer, EPDM was added. After 4 min had elapsed,
curatives and curing coagents were added while mix-
ing. Mixing was continued for 7 min after the last
ingredient was added. The batch was dumped, cut
into small pieces, and remixed for an additional 3 min
to ensure homogeneity. The composition was then

compression-molded in a press at 180°C and cold-
pressed to produce samples for testing.

The amounts of curatives and curing coagents per
100 parts of rubber used in all EPDM–PA TPVs were:
2 parts sulfur, 5 parts ZnO, 1 part TMTD, 0.5 parts
MBTS, and 2 parts SA.

Thermal analysis

The crystallization behavior of the TPVs was analyzed
by a Perkin–Elmer DSC-7 in a nitrogen atmosphere.
The samples (about 6 mg each) were first heated to
180°C, isothermalized for 5 min, and then cooled to
40°C at a rate of 5°C/min. The crystallization temper-
ature (TC) and the enthalpy of crystallization (�H)
were obtained from, respectively, the maximum and
the area of the exothermic peaks.

For studies of crystallization kinetics of PA in
blends, a two-step procedure was applied. The sam-
ples were annealed at 180°C for 10 min and then
cooled at a rate of 80°C/min to the preset crystalliza-
tion temperature of PA. The crystallization heat was
recorded in terms of time required until crystallization
was completed or until any heat liberated was too
small to be detected.

AFM analysis

AFM images were acquired at RT in noncontact mode
using a JEOL JSPM-4210. The cantilevers (OMCL-
AC160TS-C2, Olympus) had a spring constant of
36–66 Nm�1 and a resonance frequency of 283–347
kHz. To get an ultrasmooth surface, the specimen was
cut with a diamond knife at �100°C.

RESULTS AND DISCUSSION

Thermal analysis of the EPDM–PA thermoplastic vul-
canizates for different compatibilizers was done using
differential scanning calorimetry (DSC). The cooling
curves for the neat nylon copolymer and EPDM–PA
TPVs with or without compatibilizer are shown in
Figure 1. The crystallization temperature (Tc) and the
enthalpy of crystallization (�H) of the PA phase for
the different blend compositions are given in Table I.
The wide crystallization peak of neat PA may be a
result of the copolymer nature of nylon 1010, nylon
6-6, and nylon 6 (70% nylon 1010, 20% nylon 6-6, 10%
nylon 6). Unvulcanized EPDM–PA blends showed al-
most the same crystallization behavior as neat PA,
except the enthalpy of crystallization was a little
lower, which may be because PA was the dispersed
phase in the unvulcanized EPDM–PP blends. The
crystallization peak became narrower for EPDM–PA
TPVs, possibly because the rubber particles intro-
duced may have acted as heterogeneous nucleating
centers. This tended to result in the rapid crystalliza-
tion of the main part (nylon 1010) of the PA copoly-
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mer, which may have suppressed the crystallization of
the other parts. The EPDM–PA TPVs had almost the
same Tc as neat PA, whereas the Tc of the EPDM–PA–
compatibilizer TPVs was about 8°C–10°C higher. This
phenomenon can be ascribed to the addition of com-
patibilizer helping to form a fine dispersion of the
crosslinked rubber particles, which could subse-
quently act as heterogeneous nucleating centers for
PA crystallization. Moreover, for the EPDM–PA–com-
patibilizer TPVs, the Tc increased and finally arrived at
a constant value with increasing compatibilizer con-
tent (as shown in Fig. 2). The enthalpy of crystalliza-
tion of the PA phase in the TPVs was less than that in
the neat PA. The reason for this decrease in crystallin-
ity could be the crystallization in confined spaces be-
tween rubber particles. Figure 2 shows that the en-
thalpy of crystallization of the PA phase went through
a maximum value at a compatibilizer content of 20%
on rubber when either EPR–g–MAH or EPDM–g–
MAH was used as compatibilizer. The addition of
compatibilizer may reduce the particle size of the dis-
persed rubber phase, which is beneficial for the nucle-
ating of PA, but at the same time introduce the com-
patibilization reaction between compatibilizer and PA,
which restricts the growth of crystalline PA. There-

fore, the enthalpy of crystallization of the PA phase
went through a maximum with increasing compatibi-
lizer content.

Figure 2 Effect of compatibilizer content on TC and enthal-
pies of crystallization in EPDM–PA TPVs (EPDM�com-
patibilizer/PA: 65:35).

Figure 3 Tm versus Tc for PA copolymer.

Figure 1 DSC cooling traces (cooling rate of �5°C/min):
(a) PA, (b) EPDM–PA (65:35), (c) EPDM/EPR–g–MAH/PA
(52:13:35), (d) EPDM/EPDM–g–MAH/PA (52:13:35), (e) EP-
DM–CPE–PA (52:13:35).

TABLE I
Crystallization Temperature and Enthalpies

of Crystallization of PA Phase

Tc (°C) �HPA (mW)

PA 99.8 41.2
EPDM/PA (unvulcanized) (65:35) 99.9 39.4
EPDM/PA (65:35) 99.9 31.1
EPDM/EPR-g-MAH/PA (52:13:35) 110.5 39.1
EPDM/EPDM-g-MAH/PA (52:13:35) 107.5 39.1
EPDM/CPE/PA (52:13:35) 108.7 36.0
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As nothing in the literature has mentioned the equi-
librium melting temperature (Tm

0 ) of PA copolymer,
the melting temperature (Tm) of PA copolymer crys-
tallized at different crystallization temperatures was
measured in this study, which is plotted in Figure 3.
By extrapolation, the Tm

0 of the PA copolymer was
determined to be 157°C. Thus, to ensure suitable un-
dercooling, an isothermal crystallization temperature
in the range of 100°C–108°C was chosen for the study
of the crystallization kinetics.

Normalized degrees of crystallinity, X, determined
under isothermal condition is plotted versus time for
Tc � 100°C in Figure 4. Quantity t0 denotes the induc-
tion period, which was determined experimentally
and defined as the time after which the first deviation
of the DSC trace from the baseline could be detected in
an isothermal crystallization experiment. As can be
seen, the nucleation induction time of PA copolymer
in TPVs was obviously shortened more than that of
neat PA. This may be because of the heterogeneous
nucleating effect introduced by the crosslinked rubber
particles. Figure 4 shows that the crystallization kinet-
ics of the PA copolymer follow the Avrami equation:

X�t� � 1 � exp��K �t � t0�
n	

where X(t), normalized crystallinity, is the ratio of the
peak areas, a(t)/a(
), or the ratio of degree of crystal-
linity at time t to the final degree of crystallinity; and
K and n are the overall rate constant and the Avrami
exponent, respectively. Selected examples for Avrami
plots are given in Figure 5. The linear relationship
could be seen up to a high degree of conversion, which
allowed the estimation of quantities K and n. Values
for the overall rate constant, K, and the Avrami expo-
nent, n, at different crystallization temperatures are
listed in Table II. The Avrami exponent was 2.2 for
neat PA copolymer and 2.3 for PA in unvulcanized

Figure 5 Avrami plots for PA copolymer at Tc � 100°C.
Figure 6 Plots of crystallization rate t0.5�1 versus Tc for neat
PA and TPVs.

TABLE II
Averages of Avrami Exponents in the Indicated Range

of Crystallization Temperatures

Sample Tc (°C) n �lg K

100 6.12
102 6.17

PA 104 2.2 6.23
106 6.28
108 6.36
100 5.76
102 5.88

EPDM/PA (unvulcanized) (65:35) 104 2.3 5.96
106 6.07
108 6.17
100 5.43
102 5.58

EPDM/PA (65:35) 104 2.5 5.66
106 5.84
108 5.97
100 5.22
102 5.28

EPDM/EPDM–g–MAH/PA (52:13:35) 104 2.5 5.35
106 5.46
108 5.59
100 4.50
102 4.71

EPDM/EPR–g–MAH/PA (52:13:35) 104 2.4 4.82
106 5.05
108 5.21

Figure 4 Normalized crystallinity versus time for PA co-
polymer at Tc � 100°C.
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blends, whereas it was about 2.5 for PA in TPVs and
did not change significantly whether or not compati-
bilizer was added. The overall rate constants for PA
copolymer were highest in neat PA copolymer and
were reduced in unvulcanized blends and TPVs.

The inversion of half-time of crystallization, t0.5�1,
was used to evaluate the crystallization rate. The val-
ues of t0.5 were estimated from the area of the crystal-
lization peak at the respective crystallization temper-
ature, Tc. The values of t0.5�1, which is a function of

crystallization temperature, are shown in Figure 6. It
can be seen that the crystallization rate was highest in
compatibilized TPV and lowest in neat PA, whereas it
was intermediate in uncompatibilized TPV and the
unvulcanized EPDM–PA blends. It seems that the dy-
namic vulcanization process obviously could increase
the crystallization rate for PA copolymer, compared
with unvulcanized EPDM–PA blends, especially
when a suitable compatibilizer was used. This is be-
cause the dynamic vulcanization introduced fine

Figure 7 AFM image of EPDM–PA TPVs: (a) EPDM–PA (65:35), (b) EPDM/EPDM–g–MAH/PA (52:13:35), (c) EPDM/EPR–
g–MAH/PA (52:13:35).

828 HUANG ET AL.



crosslinked rubber particles that could act as hetero-
geneous nucleating centers, which may have gone into
the PA matrix, causing the increase in the nucleating
rate. For unvulcanized EPDM–PA blends, PA copoly-
mer was the island phase dispersed in the unvulca-
nized rubber matrix, which restricted the growing
process of PA crystallites, thus resulting in a lower
crystallization rate compared with PA in TPVs. If EP-
DM–PA, an immiscible polymer blend, was without
compatibilizer, it was difficult to disperse the rubber
phase in the PA matrix during dynamic vulcanization,
and so the crosslinked rubber particles were large [as
shown in Fig. 7(a)]. Using EPDM–g–MAH or EPR–g–
MAH as compatibilizer, the corresponding succinic
anhydride groups could react readily with the termi-
nal amine group of the PA copolymer, leading to an in
situ–formed graft copolymer. The copolymer acted as
a macromolecular surfactant, and its presence during
mixing permitted the formation of very small droplets
of the elastomer that later, during dynamic vulcaniza-
tion, became very small particles of vulcanized rubber.
These finely dispersed vulcanized rubber particles in-
creased the density of the nucleating centers and thus
increased the nucleating rate. On the other hand, the
compatibilization reaction restricted the mobility of
the PA copolymer chains and decreased the crystal
growing rate. However, Figure 6 indicates that in this
case the nucleating rate was the main influencing fac-
tor and that the crystallization rate increased by add-
ing compatibilizer. Compared with the morphology of
TPVs with the same dose of EPDM–g–MAH compati-
bilizer [Fig. 7(b)], the morphology of TPVs using EPR–
g–MAH as compatibilizer showed much smaller dis-
persed rubber particles [Fig. 7(c)], which may have
contributed to the higher crystallization rate, as shown
in Figure 6.

CONCLUSIONS

A thermoplastic vulcanizate (TPV) of ethylene–pro-
pylene–diene terpolymer (EPDM) and nylon copoly-
mer (PA) was prepared by dynamic vulcanization.
The effect of dynamic vulcanization and compatibi-
lizer on the crystallization behavior of PA was dis-
cussed. No pronounced shift in crystallization temper-
ature was observed for PA in EPDM–PA TPV com-
pared to that of PA in the neat state, whereas the
crystallization temperature increased after adding
compatibilizer. The decrease of crystallinity in TPVs
resulted from crystallization between the rubber par-
ticles in confined spaces. The crystallization rate was
highest in compatibilized TPV and lowest in neat PA,
whereas it was intermediate in uncompatibilized TPV
and unvulcanized blends. It seems the dynamic vul-
canization process obviously could increase the crys-

tallization rate of the PA copolymer, compared with
that of unvulcanized EPDM–PA blends, especially
when a suitable compatibilizer was used. The reason
for this was that the dynamic vulcanization intro-
duced fine crosslinked rubber particles that could act
as heterogeneous nucleating centers. And the use of a
suitable compatibilizer permitted the formation of
finely dispersed vulcanized rubber particles and
therefore increased the density of the nucleating cen-
ters. The complex morphology of the blends was in-
vestigated by atomic force microscopy (AFM) to eval-
uate the effect of compatibilizer on the size of dis-
persed rubber particles. Compared with the
morphology of TPVs with the same dosage of EPDM–
g–MAH compatibilizer, the morphology of TPVs us-
ing EPR–g–MAH as compatibilizer showed much
smaller dispersed rubber particles, which may have
contributed to the higher crystallization rate.

We are grateful to Ms. Haruna Horikawa of Bridgestone
Corp. for the ultrasmooth surface preparation for our AFM
studies.
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