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Abstract: As a special class of “green” elastomers, thermoplastic vulcanizates (TPVs) have been
widely used in industries due to the combination of the excellent resilience of conventional elastomers
and the easy recyclability of thermoplastics. Here, the morphology evolution of TPVs based on
polyamide 6/ethylene-propylene-diene rubber (PA6/EPDM) blends was investigated by varying the
content of the curing agent, phenolic resin (PF). With the incorporation of 6 wt% PF, the gel content of
the EPDM phase reaches a high value of 49.6 wt% and a typical sea-island structure is formed with
EPDM domain in a micro-nano size. The dynamic rheology behaviors of TPVs showed that with
the curing degree of EPDM phase increasing, a denser network of EPDM particles is formed in PA6
matrix. Additionally, a lower crystal degree and crystal peak temperature are observed, indicating
that there exists a growth restriction of PA6 crystal plate induced by a thinner plastic layer between
the adjacent EPDM particles. However, the crystal form of PA6 is not changed with the increasing
curing degree of the EPDM phase. This study provides an effective strategy to realize a new kind of
TPVs, which can be easily introduced into industrial applications.

Keywords: thermoplastic vulcanizates (TPVs); dynamic vulcanization; morphology evolution;
crystallization behavior

1. Introduction

Thermoplastic vulcanizates (TPVs) are a group of high-performance thermoplastic elastomers
prepared by the dynamic vulcanization, which consist of a high content of crosslinked rubber as the
dispersed phase and a low content of thermoplastics as the continuous phase [1–4]. These phase
structure characteristics endow TPVs with excellent resilience of conventional vulcanized elastomers
and good processability of thermoplastics [5–8]. Therefore, TPVs have attracted considerable attention
in the past two decades, and have been widely used in industries such as automotive industry, building,
electronics, etc.

As is well-known, the performance of TPVs strongly depends on their final morphology, which
are affected by many factors, such as cross-linking degree, composition ratio, viscosity ratio of the two
individual components, the processing condition, etc. [9–13]. Machado et al. [11] studied the effect
of cross-linking on the phase inversion of polypropylene (PP) and ethylene-propylene-diene rubber
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(EPDM) blends and found that the position of the phase inversion region is essentially governed
by the composition ratio and is independent of the viscosity ratio of PP/EPDM blends. Tian and
co-workers [10] studied the relationship of the cross-linking degree and mechanical properties of TPVs
during dynamic vulcanization processing and found that a significant improvement in elasticity can be
realized with a decreasing rubber particles size of TPVs based on PP/EPDM blends. Therefore, it is much
more crucial to achieve high performance TPVs by the means of controlling their final morphology.

Nowadays, TPVs based on PP/EPDM system, a kind of the most widely used TPVs, have
experienced a fast development period of technological and academic research. A series of studies
have been performed to understand the morphology formation, evolution, and performance of this
kind of TPVs [14–16]. Radusch et al. [16] have suggested that the initial co-continuous morphology is
crucial to achieve the desired fine dispersed EPDM particle, which can effectively transfer the shear
and stresses into both the two phases, which is essential to break up the elastomeric phase during
dynamic vulcanization. Ning and co-workers [14] found that for TPVs based on PP/EPDM blends the
micrometer-sized rubber particles obtained at the end of dynamic vulcanization process are actually
agglomerates of EPDM nanoparticles with a diameter of about 40–60 nm.

In recent years, much attention has been devoted to develop new series of TPVs to meet
the needs of market requirement and broaden the application of TPVs, such as TPVs based on
PA/isobutylene-isoprene rubber (IIR) blends as gas barrier materials [17,18], TPVs based on polyamide
(PA)/EPDM blends for high temperature application [19,20], TPVs based on PP/nitrile-butadiene rubber
(NBR) and PA/NBR blends as oil-resistance materials [21–23], TPV nanocomposites to improve their
mechanical strength and dimensional stability or functionalized TPVs [6,24–26], etc..

In our previous study, we introduced conductive nanoparticles into TPVs based on PP/EPDM
blends and achieved sensing TPV materials actuated by temperature and strain changes [6,24,27,28].
However, to date, much attention still has been paid to the morphology evolution and functionalization
of TPVs based on PP/EPDM blends. To broaden the application of TPVs and enhance the overall
performance of TPVs, polyamide 6 (PA6) with a better performance has been chosen as the thermoplastic
matrix in this study and we aimed to elucidate the effect of cross-linking degree of EPDM phase on the
morphology evolution and crystallization behavior of TPVs based on PA6/EPDM blends.

2. Materials and Methods

2.1. Materials and Sample Preparation

A commercial PA6 (Akulon F136-C, with a melt viscosity of 547.1 Pa·s and a density of 1.13 g/cm3)
was purchased from DSM Co., Ltd., Heerlen, The Netherlands. The EPDM (Nordel IP 4725P, with
4.9% Ethylidene norbornene (ENB)) was produced by Dow Elastomers Co., Ltd., Wilmington, DE,
USA. Phenolic resin (PF), used as the curing agent, was obtained from Yuantai biochemistry industry
company, Shanghai, China.

To minimize the effects of moisture, PA6 was firstly dried in a vacuum oven for 24 h at 80 ◦C
prior to the melt blending. The melt-reactive blending process for preparing TPV samples (PA6:EDPM
= 50:50 wt%) was carried out in an XSS-300 torque rheometer (Shanghai Kechuang Rubber Plastics
Machinery Set Ltd., Shanghai, China) with a rotor speed of 30 rpm and a set temperature of 250 ◦C.
PA6 and EPDM were first added in the mixer, and after 2.5 min, PF (1 wt%, 2 wt%, 4 wt%, and 6 wt%
to the total weight of the blends) was added and melt-reactive blending was continued for another
4 min. At last, the mixture was taken out and cut up. For the sake of brevity, TPVs with different PF
loading were designated as TPV1 (1 wt%), TPV2 (2 wt%), TPV4 (4 wt%) and TPV6 (6 wt%), respectively.
Additionally, PA6/EPDM blends without PF loading were named as TPV0 were prepared with the
same procedure and processing parameters for comparison. The mixtures were compression-molded
into sheets with a thickness of about 1.0 mm at 240 ◦C for 10 min under a pressure of 10 MPa.
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2.2. Characterization

2.2.1. Gel Content

Firstly, 0.5 g of the TPV sample was selectively extracted by formic acid and subsequently the
residual sample was dried and packaged in a 120-mesh stainless steel pouch in boiling xylene to
dissolve the un-vulcanized EPDM phase to further characterize the gel content.

2.2.2. FTIR Analysis

Several grams of pure EPDM and the residue of TPV samples after Soxhlet extracting were
compression molded into thin films between aluminum sheets on a laboratory hot press at 240 ◦C
under 10 MPa. FTIR spectra were determined on a Nicolet 6700 FTIR spectrometer (Nicolet Instrument
Company, Waltham, MA, USA) and FTIR-attenuated total reflection spectra were recorded from 650 to
4000 cm−1 by averaging 32 scans at a resolution of 2 cm−1.

2.2.3. Morphological Observation

The phase morphology of TPV samples was characterized with scanning electron microscope
(SEM, JEOL JSM-5900LV, Tokyo, Japan) at an accelerating voltage of 20 kV. Before observation, the
fractured surfaces of compression-molded samples were etched with formic acid to remove PA6 and
sputtered with gold to avoid the charge accumulation.

2.2.4. Rheological Characterization

The rheological measurements were performed using an AR2000ex stress-controlled dynamic
rheometer (TA Corporation, New Castle, DE, USA) with the parallel-plate geometry in a diameter of
25mm. Frequency sweep was carried out in a frequency range of 0.01–100 Hz at 240 ◦C. The strain
used was 2%, which is within the linear viscoelastic range.

2.2.5. Differential Scanning Calorimetry (DSC)

The crystallization and melting behaviors of TPV samples were measured using a differential
scanning calorimeter (DSC, TA Q20, New Castle, DE, USA). Then, 3–5 mg samples were heated up
to 250 ◦C rapidly under a nitrogen atmosphere and held at 250 ◦C for 5 min to eliminate the thermal
history. Afterwards, the samples were cooled to 40 ◦C at a rate of 10 ◦C/min to record the crystallization
behavior, and then heated again to 250 ◦C at a heating rate of 10 ◦C/min to record the melting behavior.

2.2.6. Wide-Angle X-ray Diffraction (WAXD)

WAXD measurements were carried out with a DX1000 X-Ray diffractometer (Billerica, MA, USA)
at room temperature. The Cu Kα (wave length = 0.154056 nm) irradiation source was operated at
50 kV and 30 mA. Patterns were recorded by monitoring diffractions from 5◦ to 35◦, and the scanning
speed was 3◦/min.

3. Results and Discussion

3.1. Dynamic Vulcanization

The cross-linking reaction of rubber phase plays a crucial role in the evolution of the morphological
structure of TPVs and their final microstructure. Firstly, the variation of torque value as a function of
mixing time was recorded and shown in Figure 1. It can be observed that at the initial stage, the torque
value increases rapidly with PA6 and EPDM added, and subsequently decreases to a stable value
because of the complete melting of the blends. Afterwards, PF resin was added, and accompanied by
the rapid vulcanization of EPDM phase, the torque value rises dramatically until it reaches a maximum,
then it declines slowly until the end of dynamic vulcanization. Further detailed observation shows
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that, with PF loading increasing from 1 to 6 wt%, the torque value at the plateau climbs gradually,
indicating that the melt viscosity of TPV system is increasing with the increasing PF incorporation.
Moreover, the blending time corresponding to the maximum torque value is decreasing with the PF
loading increasing. Thus, it can be concluded that the cross-linking rate and efficiency of TPVs are
enhanced largely caused by the increasing PF loading.
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Figure 1. Plot of torque versus time during dynamic vulcanization of thermoplastic vulcanizates (TPVs)
with different phenolic resin (PF) loading.

The residual TPV samples after extraction using Soxhlet extractor were used to further characterize
the gel content and to elucidate the cross-linking degree of EPDM phase quantify, as shown in Figure 2.
It can be seen that the gel content for TPV0 is only 0.5 wt%, while for TPV samples, with the PF content
increasing, the gel content sharply increases to 17.5 wt% for TPV1, and then gradually increases to
49.6 wt% for TPV6. Obviously, EPDM phase can be effectively cured with the addition of PF resin and
with increasing PF loading, the gel content increases largely, indicating that the cross-linking degree of
EPDM phase increases with the loading of PF resin increasing.
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Subsequently, the residual samples of TPV6 after extraction were used for FTIR analysis. The
FTIR spectra of pure EPDM and TPV samples after extraction using xylene steam in Soxhlet extractor
for 48 h are shown in Figure 3a. The characteristic absorption bands at 1700–1550 cm−1 are assigned to
the C=C bond of diene monomer (ENB) for EPDM. For pure EPDM, the absorption bands at 1650 cm−1

assigned to C=C bond appears in the form of a tiny broad peak [29], which should be ascribed to the
ultra-low content of ENB (only 4.9 wt%) in EPDM phase. Compared with pure EPDM, the absorption
bands attributed to the C=C bonds for TPV6 sample disappear after PF-induced dynamic vulcanization,



Polymers 2019, 11, 1375 5 of 13

indicating that the C=C bonds of EPDM have completely reacted with PF resin to form the cross-linking
network of EPDM. It is well known that EPDM with ENB as the diene monomer is more reactive toward
resole cross-linking than that with dicyclopentadiene (DCPD), 1,4-hexa-diene (HD), or vinylidene
norbornene (VNB). This should be ascribed to: (1) the selective cross-linking of the unsaturated diene
monomer, (2) the thermo-stable cross-linking network, and (3) high cross-linking efficiency of the
EPDM phase at the processing temperature. In the mixing process, not only in the extrusion process,
but also in the internal mixer, the PF resin degrades into benzyl cations followed by the diastasis of
bromide ion, which eventually reacts with the unsaturated bonds of EPDM and connects EPDM chains
via chroman or methylene-bridged structures. Here a possible schematic drawing of the possible
reactions of PF and EPDM is given in Figure 3b.
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3.2. Morphology Evolution

To explore the morphology evolution of TPVs with different gel content of EPDM, SEM images
of these TPVs are shown in Figure 4. To enhance the surface contrast of PA6 and EPDM phase, PA6
has been selectively extracted by formic acid. For TPV0, i.e., PA6/EPDM blends, it can be seen that
the approximate double continuous structure has been formed, and with increasing gel content to
17.5% for TPV1, more and more EPDM phase domains have been sheared and broken to a smaller
size, which resulted from more efficient transfer of shear force caused by the increasing gel content.
The morphology of sample TPV2 is transformed from a co-continuous structure into a sea-island one,
indicating that the morphology of TPVs is successfully formed upon PF loading to 2 wt%. Meanwhile,
further observation shows that with PF loading increasing further, the phase size of EPDM dispersed
phase decreases gradually. To gain a better insight of the detailed microstructure difference of these
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TPVs, we carried out the quantitative analyses of the average particle diameter and particle size
distribution (seen in Figure 5). It can be obtained that the average particle diameter for EPDM phase in
TPV2 and TPV4 are about 14.8 ± 0.4 µm and 13.5 ± 0.5 µm, respectively, while that for TPV6 is only
6.2 ± 0.3 µm, indicating that with increasing the cross-linking degree, the average diameter of EPDM
phase domains decreases largely.Polymers 2019, 11, x FOR PEER REVIEW 6 of 12 
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3.3. Rheological Behavior

In our previous work, we used dynamic rheometer to characterize the frequency dependence
of tan δ of TPV based on PP/EPDM blends, and found that there exists a peak of tan δ owing to the
EPDM particles, which indicated that the EPDM particles in micro-nano size has formed an effective
particle network [30]. In order to further reveal the EPDM particle network evolution of TPVs based
on PA6/EPDM blends with different gel content, the oscillatory shear rheological measurements were
carried out and the results are shown in Figure 6. Generally, polymer chains can be fully relaxed
and a terminal behavior of G′∝ω2 and G′′∝ω1 at low frequencies can be observed [31]. As shown in
Figure 6a, TPV0 melt exhibits approximately a terminal-like behavior in the low-frequency region.
However, this terminal-like behavior becomes invisible when the PF loading is increasing, and the
power for G′ at low frequencies remarkably decreases with the PF loading increase. The incorporation
of PF resin changes the frequency dependence of the dynamic moduli of TPVs. The dependence of G′

on ω becomes increasingly weaker, indicating that a transition from liquid-like to solid-like viscoelastic
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behavior occurs [32]. This can be attributed to the formation of a rheological percolation network of
EPDM phase when the PF exceeds a critical content, confining the long-range motion of the PA6 chains
to a great extent. The detailed data for the slopes, that is, power, G′, and G′′, are listed in Table 1.Polymers 2019, 11, x FOR PEER REVIEW 7 of 12 
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TPV0 0 0.91 0.85
TPV1 1 0.73 0.65
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TPV4 4 0.47 0.43
TPV6 6 0.38 0.38

As shown in Figure 6b, similar differences in tan δ of the TPVs counterparts can be observed.
Lower values of tan δ reflect more effective restriction of the EPDM particle networks on the relaxation
of PA6 chains, and this restriction effect is directly dependent on the cross-linking degree. In all, the
higher G’ and lower tan δ at low frequency range for all the counterparts indicate a denser EPDM
particle network of TPVs with PF loading increasing. It could be attributed to: (1) a higher elasticity
of the network of EPDM phase with the higher curing degree; (2) more compact network of EPDM
phase caused by a diameter decrease of EPDM phase with consistent EPDM content as cross-linking
degree of EPDM phase increases; and (3) intensified stress superposition between the adjacent rubber
particles induced by the much thinner plastic layer with increasing cross-linking of EPDM.

To make the rheological percolation legible, the dependence of relative storage modulus, G′R , on
the content of PF resin is shown in Figure 7. G′R can be calculated according to Equation (1):

G′R = G′TPVX/G′PA6/EPDM (1)

where G′R is the relative storage modulus at 0.01Hz, G′TPVX is the storage modulus of TPVs with
different PF loading, X is the content of PF resin, G′PA6/EPDM is the storage modulus of TPV0.

The rheological percolation threshold of TPVs is calculated according to Equation (2):

G′ ∝ (m−mc,G′)
βc,G′ (2)

where m is the mass fraction of PF, mc,G′ is the mass fraction of percolation threshold, and βc,G′ is the
critical exponent, which is related to the system dimension.
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As shown in Figure 7, the rheological percolation threshold of TPVs is 1.78 wt%, indicating that
the EPDM particle network is just formed with a PF content of 1.78 wt%, which is in accordance to the
SEM observation. It reveals that the cross-linking degree of EPDM phase affects the EPDM particle
network and rheological percolation threshold significantly.

3.4. Crystallization Behavior of PA6

From the above discussion, it is clear that with increasing crosslinking degree of EPDM phase the
EPDM phase undergoes a series of changes from the co-continuous structure to the EPDM particle
network in PA6 matrix. Moreover, due to the consistent EPDM content, the diameter decrease of
EPDM phase would result in a more compact network of EPDM phase and much thinner plastic
layer. Therefore, the particle network of EPDM phase notably influences the behaviors of polymer
crystallization. Thus, the crystallization and melting behaviors of PA6 matrix in these TPVs with
increasing cross-linking degree of EPDM phase are worth to be investigated. Here, the crystallization
and melting process of TPVs at a rate of 10 ◦C min−1 were investigated and the results are shown
in Figure 8. The peak temperature (Tcp) of non-isothermal crystallization process shifts to a lower
temperature visibly with the cross-linking degree of EPDM increasing. It can be seen from Table 2 that
the minimum Tcp is about 10 ◦C lower than that of PA6/EPDM blends. The heating enthalpy of fusion
(∆Hm) of TPVs is generally lower as the cross-linking degree increases, indicating that the degree of
mass crystallinity of PA6 matrix is also decreased, seen in Table 2. This may be due to that the denser
EPDM particle network has a greater restriction effect on the mobility of PA6 chains and decreases the
crystal growth rate. As for the melting peak temperature, Tmp, TPVs have a lower value than that
of PA6/EPDM blend. This observation is probably caused by the fact that a stronger constraint effect
for the denser EPDM particle networks goes against the thickening of the crystals and results in a
lower Tmp.

The degree of mass crystallinity (Xc) of TPVs was calculated using the following Equation (3) [33]:

Xc =
∆Hm

∆Hm∗ϕ
× 100% (3)

where ∆Hm and ∆Hm
∗ = 240 J/g [34] are melting enthalpy of blends and PA6 with Xc = 100%, respectively;

ϕ represents weight fraction of PA6 in TPVs.
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Table 2. Differential scanning calorimetry (DSC) parameters of non-isothermal crystallization and the
following melting process for TPV series.

Code Tmp (°C) Tcp (°C) 4Hm (J/g) Xc (%)

TPV0 221.10 189.42 25.64 25.58
TPV1 219.94 185.27 21.29 23.81
TPV2 217.08 183.51 25.51 21.26
TPV4 216.61 183.21 23.62 19.68
TPV6 214.31 179.06 20.89 17.41

Tmp melting peak temperature, Tcp crystallization peak temperature, Hm heat of fusion, and Xc mass
fraction crystallinity.

It can be seen easily that the crystallinity of TPVs significantly decreases with the incorporation
of PF resin, and the maximal decrement of Xc compared with that of PA6/EPDM blends is about
12.23%. The probable interpretation is that the EPDM particle network affects the crystal growth
process of PA6 matrix. For one thing, high cross-linking degree reduces the growth rate of crystals by
hindering the motion of PA6 chains due to the denser EPDM particle network; for another, the increase
of cross-linking degree decreases the thickness of PA6 matrix between the adjacent EPDM particles,
resulting in the growth restriction of PA6 crystal plate.

To further identify the crystal form of PA6 matrix, the crystalline structure was further characterized
by WAXD and the results are shown in Figure 9. It can be seen that there exists two diffraction peaks
at 2θ = 20.2◦ and 23.9◦ for all the TPV samples, which respectively represent the diffractions of (200)
and (002)/(202) planes. It is widely acknowledged that there are two crystal forms of pure PA6,
namely α-form and γ-form, corresponding to the diffraction of (200), (002)/(202) planes and (100) plane,
respectively [35]. Therefore, the two characteristic diffraction peaks at 2θ = 20.2◦ and 23.9◦ for PA6
matrix should be attributed to the diffractions peak of α-form, indicating that there is not the crystal
modification transfer of α-form to γ-form.

Based on the above analysis, a schematic representation of the phase structure formation for TPVs
was proposed and shown in Figure 10. In the initial state, i.e., TPV0 without PF loading, a typical
co-continuous structure is formed and as the cross-linking degree increases, the EPDM phase is sheared
and broken to a smaller size caused by the efficient transfer of shear. Up to increasing PF loading, the
phase inversion finally occurs at a gel content of 24.4%. Subsequently, a denser EPDM particle network
is formed with the increased PF incorporation continuously, resulting in incremental hindering effect
of the motion of PA6 chains.
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4. Conclusions

In this study, the effect of cross-linking degree of EPDM phase on the formation of EPDM particle
network and crystallization behavior of TPVs based on PA6/EPDM blends were investigated. With
the incorporation of PF up to 6 wt%, the gel content of EPDM increases generally to 49.6 wt% and a
smaller EPDM particle is obtained with the size of 6.2 ± 0.3 µm. With PF loading increasing, a higher
G’, and lower tan δ at low frequency have been observed, indicating that there exists a denser EPDM
particle network of TPVs caused by the decreased size of EPDM phase, which further gives rise to a
growth restriction of PA6 crystal plate, resulting in a much lower crystal degree and peak temperature
of crystallization.

Author Contributions: Conceptualization, L.M. and W.Y.; methodology, L.M. and W.Y. investigation, L.M.
and W.Y; validation, L.M.; formal analysis, W.Y.; resources, L.M.; data curation, L.M.; writing—original draft
preparation, W.Y. and H.G.; writing—review and editing, W.Y.; visualization, W.Y. and H.G.; supervision, W.Y.;
project administration, L.M. and W.Y.; funding acquisition.



Polymers 2019, 11, 1375 11 of 13

Funding: This work was supported by National Natural Science Foundation of China (51873126 and 51903150)
and Shanghai Sailing Program (Grant 18YF1409300). It was also supported by the Talent Program of Shanghai
University of Engineering Science.

Acknowledgments: In this section you can acknowledge any support given which is not covered by the author
contribution or funding sections. This may include administrative and technical support, or donations in kind
(e.g., materials used for experiments).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ning, N.Y.; Li, S.Q.; Wu, H.G.; Tian, H.C.; Yao, P.J.; Hu, G.H.; Tian, M.; Zhang, L.Q. Preparation, Microstructure,
and Microstructure-Properties Relationship of Thermoplastic Vulcanizates (TPVs): A Review. Prog. Polym.
Sci. 2018, 79, 61–97. [CrossRef]

2. Wang, Y.P.; Tang, Y.; Ren, Y.R.; Ding, T.; Chen, Y.K. Preparation and Properties of Novel Fluorosilicone
Thermoplastic Vulcanizate with Cross-Linking-Controlled Core-Shell Structure. Polym. Adv. Technol. 2019,
30, 1036–1043. [CrossRef]

3. Saiwari, S.; Yusoh, B.; Thitithammawong, A. Recycled Rubber from Waste of Natural Rubber Gloves Blending
with Polypropylene for Preparation of Thermoplastic Vulcanizates Compatibilized by Maleic Anhydride. J.
Polym. Environ. 2019, 5, 1141–1149. [CrossRef]

4. Wang, W.K.; Yang, W.; Bao, R.Y.; Xie, B.H.; Yang, M.B. Effect of Repetitive Processing on the Mechanical
Properties and Fracture Toughness of Dynamically Vulcanized iPP/EPDM Blends. J. Appl. Polym. Sci. 2011,
120, 86–94. [CrossRef]

5. Liu, G.C.; He, Y.S.; Zeng, J.B.; Li, Q.T.; Wang, Y.Z. Fully Biobased and Supertough Polylactide-Based
Thermoplastic Vulcanizates Fabricated by Peroxide-Induced Dynamic Vulcanization and Interfacial
Compatibilization. Biomacromolecules 2014, 15, 4260–4271. [CrossRef] [PubMed]

6. Ma, L.F.; Bao, R.Y.; Dou, R.; Zheng, S.D.; Liu, Z.Y.; Zhang, R.Y.; Yang, M.B.; Yang, W. Conductive Thermoplastic
Vulcanizates (TPVs) Based on Polypropylene (PP)/Ethylene-Propylene-Diene Rubber (EPDM) Blend: From
Strain Sensor to Highly Stretchable Conductor. Compos. Sci. Technol. 2016, 128, 176–184. [CrossRef]

7. Li, S.Q.; Lv, Y.F.; Sheng, J.; Tian, H.C.; Ning, N.Y.; Zhang, L.Q.; Wu, H.G.; Tian, M. Morphology Development
of POE/PP Thermoplastic Vulcanizates (TPVs) during Dynamic Vulcanization. Eur. Polym. J. 2017, 93,
590–601. [CrossRef]

8. Chen, Y.K.; Wang, Y.H.; Xu, C.H.; Wang, Y.P.; Jiang, C.Y. New Approach to Fabricate Novel Fluorosilicone
Thermoplastic Vulcanizate with Bicrosslinked Silicone Rubber-Core/Fluororubber-Shell Particles Dispersed
in Poly(vinylidene Fluoride): Structure and Property. Ind. Eng. Chem. Res. 2016, 55, 1701–1709. [CrossRef]

9. Antunes, C.F.; Duin, M.; Machado, A.V. Effect of Crosslinking on Morphology and Phase Inversion of
EPDM/PP Blends. Mater. Chem. Phys. 2012, 133, 410–418. [CrossRef]

10. Wu, H.G.; Tian, M.; Zhang, L.Q.; Tian, H.C.; Wu, Y.P.; Ning, N.Y.; Hu, G.H. Effect of Rubber Nanoparticle
Agglomeration on Properties of Thermoplastic Vulcanizates during Dynamic Vulcanization. Polymers 2016,
8, 127. [CrossRef]

11. Antunes, C.F.; Machado, A.V.; Duin, M. Morphology Development and Phase Inversion during Dynamic
Vulcanisation of EPDM/PP Blends. Eur. Polym. J. 2011, 47, 1447–1459. [CrossRef]

12. Babu, R.R.; Singha, N.K.; Naskar, K. Melt Viscoelastic Properties of Peroxide Cured Polypropylene-Ethylene
Octene Copolymer Thermoplastic Vulcanizates. Polym. Eng. Sci. 2010, 50, 455–467. [CrossRef]

13. Dutta, J.; Chatterjee, T.; Ramachandran, P.; Naskar, K. Exploring the Influence of Methylene Diphenyl
Diisocyanate as a Modifier for Ethylene Vinyl Acetate/Thermoplastic Polyurethane Blends. Polym. Plast.
Technol. Eng. 2018, 57, 1642–1656. [CrossRef]

14. Wu, H.G.; Tian, M.; Zhang, L.Q.; Tian, H.C.; Wu, Y.P.; Ning, N.Y. New Understanding of Microstructure
Formation of the Rubber Phase in Thermoplastic Vulcanizates (TPV). Soft Matter 2014, 10, 1816–1822.
[CrossRef] [PubMed]

15. Ma, P.M.; Xu, P.W.; Zhai, Y.H.; Dong, W.F.; Zhang, Y.; Chen, M.Q. Biobased Poly(lactide)/Ethylene-co-Vinyl
Acetate Thermoplastic Vulcanizates: Morphology Evolution, Superior Properties, and Partial Degradability.
ACS Sustain. Chem. Eng. 2015, 3, 2211–2219. [CrossRef]

16. Radusch, H.J.; Pham, T. Merseburg Kautsch. Kautsch. Gummi Kunstst. 1996, 49, 249–256.

http://dx.doi.org/10.1016/j.progpolymsci.2017.11.003
http://dx.doi.org/10.1002/pat.4536
http://dx.doi.org/10.1007/s10924-019-01413-2
http://dx.doi.org/10.1002/app.33072
http://dx.doi.org/10.1021/bm5012739
http://www.ncbi.nlm.nih.gov/pubmed/25287757
http://dx.doi.org/10.1016/j.compscitech.2016.04.001
http://dx.doi.org/10.1016/j.eurpolymj.2017.06.019
http://dx.doi.org/10.1021/acs.iecr.5b04676
http://dx.doi.org/10.1016/j.matchemphys.2012.01.053
http://dx.doi.org/10.3390/polym8040127
http://dx.doi.org/10.1016/j.eurpolymj.2011.04.005
http://dx.doi.org/10.1002/pen.21553
http://dx.doi.org/10.1080/03602559.2017.1410847
http://dx.doi.org/10.1039/c3sm52375f
http://www.ncbi.nlm.nih.gov/pubmed/24652229
http://dx.doi.org/10.1021/acssuschemeng.5b00462


Polymers 2019, 11, 1375 12 of 13

17. Ning, N.Y.; Hu, L.J.; Yao, P.J.; Wu, H.G.; Han, J.B.; Zhang, L.Q.; Tian, H.C.; Tian, M. Study on the Microstructure
and Properties of Bromobutyl Rubber (BIIR)/Polyamide-12 (PA12) Thermoplastic Vulcanizates (TPVs). J.
Appl. Polym. Sci. 2016, 133, 43043–43050. [CrossRef]

18. Yao, P.J.; Wu, H.G.; Ning, N.Y.; Zhang, L.Q.; Tian, H.C.; Wu, Y.P.; Hu, G.H.; Chan, T.W.; Tian, M. Microstructure
and Properties of Bromo-Isobutylene-Isoprene Rubber/Polyamide 12 Thermoplastic Vulcanizate toward
Recyclable Inner Liners for Green Tires. RSC Adv. 2016, 6, 30004–30013. [CrossRef]

19. Tong, Z.; Ye, Q.Y.; Qian, J.; Hao, Z.X.; Wang, L.X. Down-Hole Isolation towards High-Temperature Reservoir
Using Packing Elements with Swellable Thermo-Plastic Vulcanizates. J. Petrol. Sci. Eng. 2019, 172, 964–975.
[CrossRef]

20. Sarma, A.D.; Padmanathan, H.R.; Saha, S.; Banerjee, S.S.; Bhowmick, A.K. Design and Properties of A Series
of High-Temperature Thermoplastic Elastomeric Blends from Polyamides and Functionalized Rubbers. J.
Appl. Polym. Sci. 2017, 134, 45353–45365. [CrossRef]

21. Tian, M.; Han, J.B.; Zou, H.; Tian, H.C.; Wu, H.G.; She, Q.Y.; Chen, W.Q.; Zhang, L.Q. Dramatic Influence of
Compatibility on Crystallization Behavior and Morphology of Polypropylene in NBR/PP Thermoplastic
Vulcanizates. J. Polym. Res. 2012, 19, 9745–9757. [CrossRef]

22. Reffai, S.I.S.M.; Naskar, K. Preparation and Characterization of HNBR/PA12-Based Super TPVs with Enhanced
Thermal Stability by Using Higher Acrylonitrile Content. Rubber Chem. Technol. 2018, 91, 357–374. [CrossRef]

23. Reffai, S.I.S.M.; Chatterjee, T.; Naskar, K. Exploring the Influence of Radiation Crosslinking on
High-Performance Hydrogenated Acrylonitrile Butadiene Rubber and Polyamide 12 Based Blends with
Special Reference to Heat and Oil Resistance. Radiat. Phys. Chem. 2018, 148, 50–59. [CrossRef]

24. Ma, L.F.; Bao, R.Y.; Dou, R.; Liu, Z.Y.; Yang, W.; Xie, B.H.; Yang, M.B.; Fu, Q. A High-Performance Temperature
Sensitive TPV/CB Elastomeric Composite with Balanced Electrical and Mechanical Properties via PF-Induced
Dynamic Vulcanization. J. Mater. Chem. A. 2014, 2, 16989–16996. [CrossRef]

25. Yuan, D.S.; Chen, Z.H.; Xu, C.H.; Chen, K.L.; Chen, Y.K. Fully Biobased Shape Memory Material Based on
Novel Cocontinuous Structure in Poly(Lactic Acid)/Natural Rubber TPVs Fabricated via Peroxide-Induced
Dynamic Vulcanization and in Situ Interfacial Compatibilization. ACS Sustain. Chem. Eng. 2015, 3, 2856–2865.
[CrossRef]

26. Wu, H.G.; Yao, P.J.; Ning, N.Y.; Zhang, L.Q.; Tian, H.C.; Wu, Y.P.; Tian, M. A Novel Dielectric Elastomer
by Constructing Dual-Network Structure of Carbon Nanotubes and Rubber Nanoparticles in Dynamically
Vulcanized Thermoplastic Elastomer. RSC Adv. 2016, 6, 32932–32939. [CrossRef]

27. Ma, L.F.; Bao, R.Y.; Huang, S.L.; Liu, Z.Y.; Yang, W.; Xie, B.H.; Yang, M.B. Electrical Properties and Morphology
of Carbon Black Filled PP/EPDM Blends: Effect of Selective Distribution of Fillers Induced by Dynamic
Vulcanization. J. Mater. Sci. 2013, 48, 4942–4951. [CrossRef]

28. Ma, L.F.; Bao, R.Y.; Liu, Z.Y.; Yang, W.; Yang, M.B. Effect of Cross-Linking Degree of EPDM Phase on the
Electrical Properties and Formation of Dual Networks of Thermoplastic Vulcanizate Composites Based
on Isotactic Polypropylene (iPP)/Ethylene-Propylene-Diene Rubber (EPDM) Blends. RSC Adv. 2016, 6,
74567–74574. [CrossRef]

29. Chen, Y.K.; Xu, C.H.; Liang, X.Q.; Cao, L.M. In Situ Reactive Compatibilization of
Polypropylene/Ethylene-Propylene-Diene Monomer Thermoplastic Vulcanizate by Zinc Dimethacrylate via
Peroxide-Induced Dynamic Vulcanization. J. Phys. Chem. B 2013, 117, 10619–10628. [CrossRef]

30. Ning, N.Y.; Hua, Y.Q.; Wu, H.G.; Zhang, L.Q.; Wu, S.M.; Tian, M.; Tian, H.C.; Hu, G.H. Novel Heat and
Oil-Resistant Thermoplastic Vulcanizates Based on Ethylene-Vinyl Acetate Rubber/Poly(vinylidene fluoride).
RSC Adv. 2016, 6, 91594–91602. [CrossRef]

31. Ke, K.; Wen, R.; Wang, Y.; Yang, W.; Xie, B.H.; Yang, M.B. Crystallization Behavior of Poly(vinylidene
fluoride)/Multi-Walled Carbon Nanotubes Nanocomposites. J. Mater. Sci. 2011, 46, 1542–1550. [CrossRef]

32. Mao, C.; Zhu, Y.T.; Jiang, W. Design of Electrical Conductive Composites: Tuning the Morphology to Improve
the Electrical Properties of Graphene Filled Immiscible Polymer Blends. ACS Appl. Mater. Inter. 2012, 4,
5281–5286. [CrossRef] [PubMed]

33. Kelly, C.A.; Fitzgerald, A.V.L.; Jenkins, M. Control of the Secondary Crystallisation Process in
Poly(hydroxybutyrate-co-hydroxyvalerate) through the Incorporation of Poly(ethylene glycol). J. Polym.
Degrad. Stabil. 2018, 148, 67–74. [CrossRef]

http://dx.doi.org/10.1002/app.43043
http://dx.doi.org/10.1039/C6RA00131A
http://dx.doi.org/10.1016/j.petrol.2018.09.003
http://dx.doi.org/10.1002/app.45353
http://dx.doi.org/10.1007/s10965-011-9745-9
http://dx.doi.org/10.5254/rct.18.81681
http://dx.doi.org/10.1016/j.radphyschem.2018.02.024
http://dx.doi.org/10.1039/C4TA03833A
http://dx.doi.org/10.1021/acssuschemeng.5b00788
http://dx.doi.org/10.1039/C6RA01463A
http://dx.doi.org/10.1007/s10853-013-7275-z
http://dx.doi.org/10.1039/C6RA14731C
http://dx.doi.org/10.1021/jp404427w
http://dx.doi.org/10.1039/C6RA19335H
http://dx.doi.org/10.1007/s10853-010-4959-5
http://dx.doi.org/10.1021/am301230q
http://www.ncbi.nlm.nih.gov/pubmed/22950786
http://dx.doi.org/10.1016/j.polymdegradstab.2018.01.003


Polymers 2019, 11, 1375 13 of 13

34. Zhang, M.; Lu, S.J.; Yu, J.; Xu, E.H.; He, M.; Liu, D.X. Study on the Structure and Properties of the Low
Melting Point of Nylon 6 Modified by Organic Montmorillonite. Appl. Mech. Mater. 2013, 423-426, 301–306.
[CrossRef]

35. González-Morones, P.; Hernández-Hernández, E.; Fernández-Tavizón, S.; Ledezma-Rodríguez, R.;
Sáenz-Galindo, A.; Cadenas-Pliego, G.; Ávila-Orta, C.A.; Ziolo, R.F. Exfoliation, Reduction, Hybridization and
Polymerization Mechanisms in One-Step Microwave-Assist Synthesis of Nanocomposite Nylon-6/Graphene.
Polymer 2018, 146, 73–81. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4028/www.scientific.net/AMM.423-426.301
http://dx.doi.org/10.1016/j.polymer.2018.05.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Sample Preparation 
	Characterization 
	Gel Content 
	FTIR Analysis 
	Morphological Observation 
	Rheological Characterization 
	Differential Scanning Calorimetry (DSC) 
	Wide-Angle X-ray Diffraction (WAXD) 


	Results and Discussion 
	Dynamic Vulcanization 
	Morphology Evolution 
	Rheological Behavior 
	Crystallization Behavior of PA6 

	Conclusions 
	References

