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Abstract Different sample thicknesses were adopted to
investigate the effect of temperature gradient on the
development of (3 phase polypropylene (PP) in the
compression-molded dynamically vulcanized thermoplastic
elastomers (TPVs) based on PP/ethylene-propylene-diene
rubber blend. Differential scanning calorimetry and wide-
angle X-ray diffraction were employed to study the melting
behavior and crystalline structures. The results indicated
that the content of (3 phase increased with the sample
thickness of TPV increasing, while the total crystallinity of
PP almost kept constant. The simulation of the temperature
field showed that there was a temperature gradient along
the direction of sample thickness, and the strength of the
temperature gradient increased with the thickness of TPV
increasing. The reason for the change of 3 phase content
was found to lie in the reduction of the entropy in the
temperature gradient field, which was a result from the
decrease of the molecular chain conformation.
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Introduction

It is well-known that the temperature field has a profound
effect on the formation of polymer crystals, which may
affect the rate of crystallization and the thickness of crystal
lamella, and the situation is more distinct for polypropylene
(PP). Isotactic polypropylene (iPP) is a polymorphic
material, having at least four modifications of crystals:
monoclinic (), hexagonal (3), triclinic (y), and smectic
[1-6]. Different temperature fields will result in different
crystal modifications. Using some special techniques can
obtain polypropylene rich in (3 modifications, such as the
crystallization at high undercooling [7, 8] and the crystal-
lization in a temperature gradient field [9, 10].

The temperature dependencies of both the spherulite
nucleation and growth rate result in significant differences
in the crystallization kinetics and in the final spherulite
structure between regions solidifying at different temper-
atures. It is also known that the temperature gradient leads
to anisotropic spherulite growth and shapes and affects the
directions of spherulite growth. The growth trajectories
bend in the temperature gradient, being normal to the
growth front [11-13]. The changes in interspherulitic
boundary shapes have also been reported [11, 13].
Recently, Pawlak and Piorkowska [13] reported that the
temperature gradient could accelerate the conversion of the
melt into spherulites. At the same time, Choi et al. [14]
have investigated the effect of temperature gradient on
polymer dynamics due to an imposed flow field. The
diffusion equation and concentration profile of the polymer
molecules induced by a temperature gradient using a two-bead
dumbbell model have been obtained from the Fokker—Planck
equation. From the concentration equation constructed for a
dilute solution in general flow geometry, they find that there
are significant effects on the polymer migration not only due
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to the nonhomogeneity of the flow field, but also due to the
temperature gradients.

The (3 modification of iPP (3-iPP) has several advanta-
geous properties, especially high impact strength compared
with « form PP [15—17]. To improve the impact toughness
of PP, especially iPP, various elastomers have been
introduced, such as ethylene-propylene rubber, styrene-
butadiene-styrene copolymer, butyl rubber, and ethylene-
propylene-diene rubber (EPDM) [18-25]. Among these
rubbers, EPDM is considered to be one of the most
effective impact modifiers for PP. Further improvement in
performances of PP/EPDM blends can be gained by
dynamic vulcanization [26-29]. Thermoplastic vulcanizates
or TPVs are blends where the elastomeric component is
vulcanized in situ during melt mixing with the thermoplas-
tic component at high shear and elevated temperature. The
resulting blend has small, uniform, and finely distributed
cross-linked rubber particle in the matrix. It has been shown
that dynamic cross-linking of EPDM during its melt mixing
with iPP can improve some properties of the blend and
even results in high impact PP-based materials.

In our previous studies on the dynamically vulcanized
PP/EPDM blends, we found that the presence of 3 crystals
of PP induced by nucleating agents could greatly improve
the fracture toughness of the blend, and the development of
[3 phase PP was related to the morphology confining effect
[30, 31]. In this work, we focus on the effect of temperature
field on the development of 3 phase PP in dynamically
vulcanized PP/EPDM blends, which will help us clearly
describe the development of (3 phase PP in such a
multiphase system and provide valuable guidance in the
design and preparation of high performance PP blends.

Experimental procedure
Material

The {3 nucleating agent (3-NA) used in this study was
WBG-II, a powder composed of rare-earth organic com-
pounds and purchased from Guangdong Weilinna Func-
tional Material Company Ltd. iPP, with the trademark
F401 which was obtained from Lanzhou Petrochemical
Company Ltd. Certain properties of the resin, provided by
manufacturer, are MFR=2.5 g/10 min according to ASTM
D1238.79, density=0.91 g-cm™ according to ASTM D1505-
68, and a tacticity of 98%. EPDM (Nordel 4725p) was
obtained from Dupont Dow Elastomers L.L.C., Wilmington,
DE, USA. It contains 70% ethylene and 4.9% ethylidene
norbornene with a Mooney viscosity (ML3%§) and M,, of
25 and 135,000 g'mol™, respectively. Phenolic resin (PF)
was obtained from Yuan Tai Biochemistry Industry Compa-
ny Ltd. with the trademark TXL-201. Its softening point is
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75 to 95 °C; the content of methylol, 6.0-7.5%; the content
of water, <1.0%; and the content of bromine, <4.0%.

Sample preparation

The melt reactive blending process for preparing TPV samples
(PP:EDPM=5:5 wt) was carried out in an SHJ-20 corotating
twin—screw extruder with a screw diameter of 25 mm, a
length/diameter ratio of 23, and a temperature profile of 170,
180, 190, and 185 °C from the feeding zone to the die. The
content of 3-NA was 0.3 wt% (to the weight of the blends).
The PF content is 6 wt% (to the weight of the blends).
Polypropylene, EPDM, PF, and 3-NA were simply mixed
first, and then added to the twin—screw extruder. The extrudate
was then pelletized. The pellets were dried, and injection was
molded into dumbbell tensile samples and rectangular impact
samples on a PS40ESASE precise injection-molding machine
with a temperature profile of 170, 190, 200, and 195 °C from
the feeding zone to the nozzle. Both the injection pressure and
the holding pressure were 37.4 MPa. The obtained samples
were heat pressed for 10 min on a compression molding
machine (XLB — D400 x 400 x 2) into 1 mm thick sheet,
with a temperature of 200 °C, and a pressure of 10 MPa. The
compression-molded sheet was then cooled to room temper-
ature under pressure and used for test after 24 h storage at
room temperature.

Samples of different thickness for tests were prepared by
gently grinding the compression-molded sheet on abrasive
papers. Then, these samples were heat-treated on a hot stage
with a temperature accuracy of +0.1 °C. Figure 1 shows the
layout of the heat treatment of the samples. The samples were
heated to 200 °C at a rate of 10 °C/min and held at 200 °C for
5 min to eliminate any thermal history, and afterward, the
samples were cooled to 20 °C at a rate of 10 °C/min.

Tests
Differential scanning calorimetry

The melting behaviors of the heat-treated samples were
studied by means of a TA Q20 differential scanning

Glass sheet

Pl ooz

| _»Hot stage

Fig. 1 The schematic presentation of the layout of the heat treatment
of the samples
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calorimeter. The samples, of about 5 mg, cut along the
normal direction of the contact surface with the hot stage,
were heated to 200 °C at a heating rate of 10 °C/min. The
temperature and heat flow scales were calibrated using
high-purity indium and zinc samples.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) measurements were
carried out with a DX-1000 X-Ray diffractometer at room
temperature. The Cu K-alpha (wave length=0.154056 nm)
irradiation source was operated at 50 kV and 30 mA.
Patterns were recorded by monitoring diffractions from 5°
to 50°, and the scanning speed was 3°/min. The scanning
surface is the contact surface with the hot stage. The
relative content of (3 phase (Kp) in the samples was
calculated from WAXD diffractograms according to
Turner-Jones et al. [32],

Yy,
H o + Hyy + Hi + Hiyg

(1)

Ky =

where HY\,, H,,, and H{}, are the intensity of the (110),
(040), and (130) reflections of « phase appearing at 20
around 14.1°, 16.9°, and 18.5°, respectively, and Hfoo is the
intensity of (300) reflection of 3 phase at 20 around 16.0°.
Here, all the diffraction data were corrected for background
(air and instrument) scattering before analysis. The diffrac-
tion patterns were analyzed using a MDI Jade 5.0 software
(Materials Data Inc., Liverpool, Canada).

Results and discussion
Crystalline structures

Figure 2 shows the melting behaviors of the compression-
molded TPV samples with different thicknesses. Two
distinct melting peaks can be seen clearly for all the
samples. The lower one being the characteristic melting
peak for 3 phase PP and the higher one is the characteristic
melting peak for o« phase PP. It can also be observed that
with the increase of sample thickness, the height of melting
peak for 3 phase PP increases, and the temperature of the
melting peaks increases too, both of which mean that higher
content of 3 phase PP with higher degree of perfection was
presented in TPV samples with larger thickness.

To further ensure the crystalline structures, WAXD
measurements were carried out, and the results are shown
in Fig. 3. The WAXD patterns of TPVs show five distinct
peaks at 20 of about 14.1°, 16.9°, 18.5°, 21.2°, and 21.9°,
respectively, which correspond to the (110), (040), (130),
(131), and (111) reflections of «-iPP indicating the

Heat flow

60 80 100 120 140 160 180
Temperature (°C)

Fig. 2 The melting behaviors of the compression-molded TPVs with
different thickness

existence of o phase. There is also a peak at about 16.0°
which corresponds to the (300) reflection of (3 phase of iPP.
At the same time, a profound change can be found at the
intensity of the characteristic peak of 3 phase, i.c., the (300)
reflection changes a lot with the sample thickness changing,
which shows that the sample thickness has a distinct effect
on the development of the {3 crystals. The intensity of the
characteristic peak of 3 phase increases with increasing
sample thickness. To know better about the changes, we use
Eq. 1 to calculate K. For samples with different thickness,
different Kz values are obtained for the blends as illustrated
in Fig. 4, which shows clearly that the Kz value increases
distinctly with the sample thickness increasing. Figure 5
shows the total crystallinity of the compression-molded
TPVs according to WAXD measurements from which it can
be found that the total crystallinity almost keeps constant
with sample thickness of the TPV increasing.

The temperature field

Aiming at clarifying the influence of temperature field on
the development of [3 phase, clearly, the one-dimensional
phase change heat conduction behaviors of the sample
during the cooling stage were simulated using Cao and
Faghri’s enthalpy transformation method. This method
shows good adaptivity in solving heat conduction problems
with latent heat effects, and the simulated results showed a
good agreement with the experimental data in our previous
work [33, 34]. Through the discretization and iterative
process of the control-volume/finite-difference method, the
development of the temperature as a function of the cooling
time at various locations in the samples can be predicted,
and the positions for temperature simulation were consis-
tent with that in WAXD measurement. Five positions with
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26

Fig. 3 WAXD patterns of compression-molded TPVs with different
thickness

the same distance across the thickness direction have been
selected and marked as position a, position b, position c,
position d, and position e as shown in Fig. 6.

For the calculation, the thermal conductivity K was
measured using Hot Disk TPS 2500, and the specific heat
(Cs, (), the latent heat (L), and phase change temperature
range (T,~T,) were obtained through modulated DSC at
DSC Q100 V9.5 Build 288. In addition, the density of
TPV/3-NA was taken as the weight average of the density
of PP and EPDM, which were provided by the manufac-
turers. The related parameters of the TPV samples are listed
in Table 1.

Figure 7 shows the temperature distribution during the
cooling of the sample with a thickness of 1 mm. It can be
seen clearly that for the TPV sample, the temperature
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Fig. 4 Effect of sample thickness on the Kz value of the compression-
molded TPVs
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Fig. 5 Effect of sample thickness on the crystallinity of the
compression-molded TPVs

variation of each layer is not the same, which results in a
temperature gradient along the direction of sample thick-
ness in the course of cooling in the compression mold. The
same phenomenon is also found in the other samples, but
the strength of the temperature gradient for samples of
different thickness is not the same (to simplify the
expression in this research, the strength of temperature
gradient was defined as the temperature difference divided
by the thickness). From Fig. 8, it can be seen that the
strength of temperature gradient increases with the increas-
ing of sample thickness. The thicker the sample, the more
time needed to dissipate the heat and the stronger the
temperature gradient occurred.

Discussion

The processes of crystallization and crystal growth, like
many other processes in chemistry, are controlled by
thermodynamic and kinetic factors. Thermodynamics will
dictate the preferred lowest energy state, but the rate at
which this state is achieved depends on the processes
involved in the molecular attachment—Kkinetic factors [35].
The classical approach to crystal growth considers the
thermodynamic changes that occur in crystallization [36].

‘/,_.Posrtlon e

L —*Position d

—* Position ¢

|_+Position b

|__»Position a

Fig. 6 The schematic presentation of the simulated positions in the
TPV samples
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Table 1 Related parameters of 5 o o o :

TPV/B-NA phgm?)  K@Am'CT)  Ckg°CT) G UkgPCT)  LUkg)  TT0)
889.9 0.2395 2287.2 2627.2 37750.0 122.3~135.0

The overall free energy difference, AG, can be expressed
as:

AG= AH —TAS (2)

There are a lot of researches concerned with the tempera-
ture gradient field. Lee et al. studied the polymerization-
induced phase separation (spinodal decomposition) in a
model binary polymer solution under a linear spatial
temperature gradient for the purpose of fabricating aniso-
tropic polymeric materials by using mathematical modeling
and computer simulation. Their results showed that an
anisotropic morphology could be obtained when a temper-
ature gradient field was imposed along the polymer solu-
tion sample [37]. Li et al. performed small-angle Rayleigh
light-scattering measurements in polymer solutions under
various externally applied temperature gradients and con-
firmed the existence of an enhancement of the concentra-
tion fluctuations [38]. Choi et al. investigated the effect of
temperature gradient on polymer dynamics due to an
imposed flow field and found that there were significant
effects on the polymer migration, not only due to the
nonhomogeneity of the flow field, but also due to
temperature gradients [14].

In a temperature gradient field, the molecules usually
move along the temperature gradient. Many investigations
dealt with the thermophoresis of small particles suspended
in a gas in which a temperature gradient existed. The
particles experience a force in the direction opposite to that
of the temperature gradient and, thereby, move toward the
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Fig. 7 Simulated cooling temperature profiles at various locations for
the TPV sample with the thickness of 1 mm

cooler region [39, 40]. In fluid mixtures, the temperature
gradient induces a concentration gradient through the Soret
effect [41]. At the same time, some other studies show that
temperature gradient leads to anisotropic spherulite growth
and shapes and affects the directions of spherulite growth.
The growth trajectories bend in the temperature gradient,
being normal to the growth front [11-13]. So, it can be seen
that the molecules do move along the temperature gradient.

For macromolecules, which are long-chain molecules,
we think that they will orient along the temperature gradient
because the molecules in high temperature have larger
mobility than those in low temperature. It is well-known
that S=kInW, in which W is the probable configuration.
With the orientation of the macromolecules, the probable
configuration will decrease leading to the reduction of the
entropy.

Just according to Eq. 2, it can obtain the conclusion
directly that the reduction of entropy can lead the increase
of the free energy. Generally, iPP crystallizes into the o
phase («-iPP) under processing conditions used in the
industrial practice because compared with (3 phase, x phase
has lower energy, so the energy barrier for the formation of
o« phase is lower. However, in the temperature gradient
field, the situations are different because of the reduction of
the entropy or the increase in the AG, which will be higher
than the energy level in the system to overcome the energy
barrier and finally form crystal with higher energy level. In
the TPVs studied in this work, for the TPV sample with the
thickness of 1 mm, a large reduction of the AS occurs
because of the strong temperature gradient field. So, it is
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Fig. 8 The strength of the temperature gradient of samples with
different thickness
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easier to overcome the energy barrier to form (3 phase and,
finally, more 3 phase PP forms. However, for the TPV
sample with the thickness of 0.3 mm, the temperature
gradient field is so weak that the reduction of the AS is
limited. Thus, the content of 3 phase PP-formed is lower.

Conclusion

The DSC and WXRD results showed that the content of 3
phase was affected by the sample thickness of the
dynamically vulcanized TPV based on PP/EPDM blends
experienced the same heat treatment procedure. It was
found that with the increasing of the sample thickness, the
content of 3 phase increased, while the total crystallinity
almost kept constant. The simulation of the temperature
field showed that there was a temperature gradient along
the direction of sample thickness, and the strength of
temperature gradient increased with the sample thickness
increasing. The reason for the changing of the content of 3
phase may lie in the reduction of the entropy during the
temperature gradient, resulting from decrease of the
molecular chain conformation.
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