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Abstract

Immiscible and miscible blends of poly(vinylidene fluoride) (PVDF) and acrylic rubber(ACM) were
subjected to dynamic vulcanization to investigate the effect of crosslinking in phase separation. As a
result of different processability, mixing torque behavior of miscible and immiscible blends was
significantly different from one another. Scanning electron microscopy (SEM) was used to investigate the
morphology of the system. After dynamic vulcanization, submicron ACM droplets were observed for the
samples near the binodal curve of the system in mixing condition. Small angel X-ray scattering (SAXS)
and differential scanning calorimetry (DSC) analysis were used to investigate the effect of dynamic
vulcanization on lamellar structure of the system. It was shown that for samples near the boundary of
phase separation, increasing the crosslink density led to decrease in lamellar long period (L) as a sign of
increment of crosslink density induced phase decomposition. Effects of shear rate on the final
morphology of the system were investigated by changing the mixing temperature and by comparing the

results of dynamic vulcanization at one phase and two phase regions.
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1. Introduction

Miscible blends containing a crystallizable component have attracted considerable interest. However,
little attention has been paid to miscible or even partially miscible blends containing one vulcanizable
rubber with a crystallizable linear polymer (1-7). From a thermodynamics point of view, an increase in
the molecular weight of either of the components of a miscible blend should reduce the entropy of
mixing. Consequently, phase separation induced by cross-linking is expected for systems with a positive
(endothermic) enthalpy of mixing (1, 4).

An important method to improve the elastomeric properties and processability of the thermoplastics is the
dynamic vulcanization of the rubber phase in the presence of a suitable crosslinking agent, during the
melt mixing with the thermoplastics, giving rise to a thermoplastic vulcanizate(TPV). This technique has
been employed in the development of several TPVs (8-15). We have published a series of investigations
on the effect of curing on miscibility of thermosetting polymer blends(2-6). The hydrogen-bonding
interaction was considered to be the driving forces for cure induced miscibility, and it is responsible for
the favorable exothermic heat of mixing that is the thermodynamic basis of the miscibility in studied
systems.

Kyu et al.(16) studied effect of vulcanization on miscibility of syndiotactic polypropylene/ethylene
propylene diene monomer (M-class) rubber (sPP/EPDM) blends. In contrary to Guo et al.(2-6) they
showed that curing reaction induced phase separation in this blend. In these studies, static vulcanization
have been extensively used and less attention has been paid to dynamic vulcanization of miscible polymer
blends. Li et al.(1) investigated dynamic vulcanization of PVDF/ACM 50/50 blend and showed that
vulcanization indeed induce phase separation. They assumed that after vulcanization this blend is still
miscible in the melt state but after cooling to room temperature, PVDF and ACM have been phase
separated. No phase diagram was presented for this blend and no further investigation provided to

confirm this assumption.
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The complicated interrelationship between phase behavior and crosslinking in vulcanizable miscible
blends containing one crystallizable component has not yet been realized. Furthermore, it is expected that

crosslinking will affect the crystallization of the blend.

PVDF is a semicrystalline polymer which is miscible with many polymers containing carbonyl group,
such as polyacrylates (17-22), poly acetates (23) and polyketone (24) as a result of specific interactions of
CF, dipoles with carbonyl group. Acrylic rubber is a copolymer of ethyl acrylate with a minor amount

(5%w) of chlorine cure-site.

In our previous paper, miscibility of PVDF/ACM blend has been investigated(18, 19) by plotting the
phase diagram of this blend ( Figurel). We found that PVDF and ACM are miscible in ACM rich blends
and in the blends with more than 50% PVDF content. The binodal and equilibrium melting point curves
intersect at about 173°C. The main advantage of this blend is the ability of PVDF to crystalize even in
ACM rich blends in contrary to many miscible blends containing PVDF (25, 26).

While studies into static curing of miscible thermosetting resins have been widely reported, no studies on
dynamic vulcanization of thermoplastics have been conducted. Here, we report the results of our
investigation on dynamic vulcanization of PVDF/ACM blends and will explore the effects of dynamic

vulcanization on phase diagram, morphology and crystalline structure of this polymer blend system.

2. Experiments

2.1.Materials and methods
PVDF (Kynar 710;Mw=70000, Mw/Mn=2) from Arkema and acrylic rubber (Grade AR71;Mw=620000,
Mw/Mn=9) from Zeon Advanced Polymix Co.(Thailand) were used in this work. The major component
of the acrylic rubber was poly (ethyl acrylate) (PEA), which contains a small amount (5%w) of chlorine
cure-site monomer. All polymers were dried in a vacuum oven at 80°C for at least 12h before processing.
The blends without adding curative were prepared using a Brabender type plastic mixer with a two rotors

at a rotation speed of 100rpm at 190°C for 10min. For dynamic vulcanization, curing agents sodium
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stearate(5phr), magnesium oxide (10phr) and various amounts of sulfur were added after mixing of
PVDF and ACM for 10 min. Samples then were hot pressed into the films at 200°C and allowed to slowly

cool down to room temperature. Table 1. shows details of samples prepared for this study.

2.2. Characterization

Differential Scanning Calorimetery (DSC) was performed using a TA Instrument Q200 under nitrogen
flow at a heating rate of 10°C/min. Crystallinity (Xc) was measured during the heating, on the basis of the

heat of fusion of 105J/g for a 100% crystalline PVDF.

The morphology and microstructure of samples was examined by scanning electron microscopy (SEM),
Leica S440 equipment. Samples were cryogenically fractured in liquid nitrogen and then sputter-coated

with a thin layer of gold prior to imaging.

Small-angle X-ray scattering (SAXS) experiments were conducted at the Australian Synchrotron on the
small/wide angle X-ray scattering beam-line utilizing an undulator source that allowed measurement at a
very high flux to moderate scattering angles (hs) and a good flux at the minimum scattering

vector (q) limit (0.012 nm™). The intensity profiles were interpreted as the plot of scattering intensity (I)
Versus q:

q=(4/\) sin (6/2) (1)

where A is the wavelength and is equal to 0.062 nm. The scattering invariant, Q, was determined from the
total integrated intensity, I(q) using (27):

Q = [1(q)-q*dq 2
The one-dimensional electron density correlation function was obtained from (28):

[ 1(@).q? ZOS(qx)dq (3)

y(x) =
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where x is a dimension along the normal to the lamellar stacks. Parameters such as the long period, L,
average crystalline thickness, 1. and amorphous layer thickness, 1,, were determined using the method of
Strobl and Schneider (28).

3. Results

3.1. Dynamic vulcanization and Melt processability
Figure 2. shows the mixing torque vs. mixing time for dynamically vulcanized samples with 1phr sulfur
in the batch mixer. Note that curatives were added after a 10 minute of melt mixing of ACM and PVDF.
A large increase in mixing torque of immiscible blends (blends with more than 50% PVDF), is observable
after addition of curatives while miscible blends (blends with less than 50% PVDF) final mixing torque is
even lower than the original blends torque. Immiscible blends performance is a common dynamic
vulcanization behavior of TPVs reported repeatedly in the literature(8-15).
After dynamic vulcanization immiscible blends were melt processable whereas miscible blends were not.
We were unable to hot press miscible blends and prepare a film. Vulcanization of miscible blends
produced yellowish porous samples without any mechanical strength and structural integrity. Figure 3.
shows the photographs of 80/20-C1, 50/50-C3, 50/50-C1/220, 50/50-C2, 20/80-C1 and 20/80-C3 after
dynamic vulcanization. Efforts to prepare dog-bone shape samples from miscible dynamically vulcanized
samples were unsuccessful while immiscible dynamically vulcanized samples readily hot pressed to films
to prepare doge-bone test specimen. To better explain the observed phenomenon one should investigate
the effects of dynamic vulcanization on phase separation. Therefore, analyses of effects of crosslink
density on the miscible blends crystalline structure were conducted.
Figure 4. shows mixing torque values of 50/50, 40/60 and 20/80 miscible blends vulcanized by 1, 2 and
3phr sulfur to increase the crosslink density. 50/50 miscible blends showed an increase in mixing torque
values by increasing the sulfur content while for other miscible samples’ torques were insensitive to
sulfur content. As shown in Figure3.b and 3.d, 50/50-C3 sample was completely melt processable with
acceptable mechanical strength, but 50/50-C2 sample melt did not have enough consolidation to prepare

dog-bone sample. Nonetheless, all other samples had yellowish color porous structure without any
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structural integrity. As for 50/50-C3, sample torque and processability behavior were similar to
immiscible TPVs.
3.2. Morphology of dynamically vulcanized PYDF/ACM blends.

Figure 5. shows the phase morphology of 80/20 immiscible blend, 50/50 and 20/80 miscible blends
before and after dynamic vulcanization with 1phr sulfur. 80/20 immiscible blend clearly shows a matrix
disperse morphology whereas miscible 50/50 and 20/80 blends have a smooth surface without any sign of
inhomogeneity. However, morphology of these blends after dynamic vulcanization was completely
different. 80/20-C1 sample showed a heterogeneous structure in which vulcanized rubber dispersed in
PVDF matrix. On contrary, 50/50-C1 and 20/80-C1 samples showed a porous and coarse structure. The
observed SEM images are absolutely coinciding to their melt processability and visual observation of
these samples as shown in Figures 2 and 3, respectively.

Insets of Figure 5.d and 5.f show the morphology of dynamically vulcanized miscible samples with
higher magnification. 50/50-C1 sample is full of ACM nano-phase separated droplets with diameters of
less than 100nm while 20/80-C1 sample does not show any sign of phase separation. Since 50/50 sample
phase composition is near the boundary of two phase region, Figure 1, it seems that vulcanization induce
phase separation when the blend is not far into miscible region. Tang et al.(29) obtained a nanostructured
thermoplastic vulcanizates by selectively crosslinking of ethylene vinyl acetate rubber (vinyl acetate (VA)

content = 50 wt %) (EVM) and ethylene vinyl acetate copolymer.

Morphology of miscible samples with higher crosslink density was also investigated by SEM as shown in
Figure 6. 50/50-C3 sample clearly shows a phase separated structure similar to immiscible samples as
shown in Figure 6.a. This means that increasing the crosslink density increased the phase separation. Low
magnification SEM image of the 40/60-C3 and 20/80-C3 shown in Figure 6.b and 6.c are completely
alike to those with lower crosslink density; however, high magnification SEM images in inset of Figure 6.
shows different morphology at nanoscale structure for these samples. Higher magnification SEM image

of 40/60-C3 blend is similar to that of 50/50-C1 sample; nanometer droplets of ACM are phase separated
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in the PVDF rich matrix. Nonetheless, increasing the crosslink density had no effects on morphology of
20/80 sample and SEM image of 20/80-C3 blend is similar to that of 20/80-C1 blend as shown in inset of
Figure 6.c. A summary of torque status and morphology behavior of samples studied herein is presented
in Table 2. While looking at results one may wonder why 50/50-Cland 40/60-C3 samples had nano-
phase separated structure. Besides, when the curatives are added to the system the operating temperature
of Brabender mixer is around 205°C which is deep into two phase region for 50/50 and 40/60 blends (see
Figure 1.) but why vulcanization behavior of these blends are similar to miscible blends? To explain these
questions, a fresh 50/50-C1 sample was prepared where the mixer temperature set at 220°C. From now on
this sample is called 50/50-C1/220 (note that when the mixer temperature is set at 220°C, real
temperature at mixing condition was 230-235°C). Figure 7. shows the mixing torque and SEM image for
50/50-C1/220 sample. After addition of curing agents mixing torque was increased and eventually
leveled off which is associated to the processability of this sample. Dog-bone shaped specimen prepared
from this sample, shown in inset of Figure 7.a, demonstrate the processability of this sample. SEM image
of 50/50-C1/220 sample clearly shows the phase separated structure of the system which is different from
morphology of the same sample prepared at 190°C; ACM vulcanized droplets here are more than 400nm
in diameter compared to 100nm droplets of 50/50-C1 sample. We will address the above mentioned
questions and further explain some other unusual features of this complex system in the discussion
section.
3.3. Miscibility and crystal structure of dynamically vulcanized PYDF/ACM blends

DSC thermograms of vulcanized and unvulcanized samples are presented in Figure 8. PVDF crystallinity
for each sample was calculated from the heat of fusion during the first heating cycle. PVDF crystallinity
is almost unaffected by blending with ACM, in contrary, crystallinity decreased with dynamic
vulcanization and increment of crosslink density. However, a very broad melting peak in highly
crosslinked samples was observed which is due to the fact that more than one type of PVDF crystals are

present in these samples (1, 30).
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Crystallization in a miscible blend consists of the diffusion of the crystallizable component towards the
crystallization front and rejection of the non-crystallizable ingredient. The liquid-solid phase separation
happening throughout the crystallization of PVDF in miscible dynamically vulcanized samples involves
the segregation and diffusion of the amorphous vulcanized ACM away from the crystalline nucleus. The
crosslinked ACM chains have a rather limited mobility compared with the linear polymer diluents.

Figure 9. shows Lorentz-corrected SAXS patterns and associated linear correlation functions (28) of
50/50-C1,C2 and C3 samples which have different crosslink density. Assuming the corresponding two-
phase model, the average crystalline thickness (l.), amorphous layer thickness (1,), and the most probable
value of long period (L) in the PVDF LS domains can be estimated via simple geometric analysis of y(x).
Figure 10. shows these parameters obtained from the correlation function as a function of sulfur content
for 50/50 and 40/60 samples with different crosslink density. The long period L and the amorphous layer
thickness, 1, decreased with increasing the crosslink density. However this decrease is more pronounced
for 50/50 and 40/60 blends compare to 20/80 sample. In contrast, the lamellar layer thickness 1. is almost
insensitive to the crosslink density. Decreasing crystal long period and amorphous layer thickness again
demonstrate the expulsion of ACM chains from amorphous layer of PVDF as a result of dynamic
vulcanization induce phase separation. However, it seems that ACM chains in 20/80 samples do not
follow the same trend to move out of the amorphous layer.

4. Discussion

From a thermodynamics point of view, increasing the molecular weight of one component of miscible
blends can reduce the entropy of mixing and therefore induce phase decomposition; in this work,
vulcanization of miscible blends was associated to the increase in the molecular weight of one of the
components. Therefore, at least theoretically, dynamic vulcanization of a miscible blend must have the
ability to induce the phase separation. PVDF/ACM blend is an interesting system to investigate this topic
due to its unique phase diagram. The binodal curve of this system is skewed to PVDF rich side of phase
diagram and therefore partially miscible blends (blends with more than 50% PVDF) are almost

immiscible (19). The phase diagram of this system can be miscible and immiscible in various phase
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compositions and temperatures therefore it allows us to compare both morphology and processability of
different samples.

Dynamic vulcanization of immiscible blends is not a new subject of research and there are many reports
in the literature(8-14). Dynamic vulcanization of immiscible PVDF/ACM samples showed a well-known
morphology and torque behavior of these type of systems reported many times in the literature. But what
is new about this work is some of the special phenomena observed in dynamic vulcanization of miscible
blends i.e. nano-domain phase separated structure of 50/50-C1 and 40/60-C3 samples, complete phase
separation upon increasing the crosslink density in 50/50-C3 system and miscibility of 20/80 systems
even after dynamic vulcanization.

To explain these observations, 50/50-C1/220 sample was prepared. As mentioned in the results section
ACM vulcanized droplets in 50/50-C1/220 sample are more than 400nm in diameter compared to 100nm
droplets of 50/50-C1 sample. Furthermore, we noticed that while 50/50-C1/220 sample was melt
processable, our effort to melting process the 50/50-C1 sample failed. Comparing SEM images and the
processability of 50/50-C1 and 50/50-C1/220 samples, it can be concluded that at 220°C system is
completely phase separated while phase separation at 190°C is imperfect. It then can be suggested that the
polymer system is in binodal region at mixing condition for 50/50-C1 sample and nucleation and growth
is the main mechanism of phase separation. Hence, system is at the early stage of nucleation which is the
reason for observation of nano-domain phase separated. However, for 50/50-C1/220 sample nucleuses
have grown significantly and phase separation is completed, which is associated to the bigger domains
observed in inset of Figure 7.b.

Contrary to above a discussion which is mostly related to the liquid-liquid phase separation in melt state,
SAXS results are related to the liquid-solid phase separation during the crystallization of PVDF. SAXS
experiments showed that by increasing the crosslink density for 50/50 and 40/60 systems lamellar long
period and amorphous layer thickness decreased while these parameters were unchanged for 20/80
system. Regarding this observation, it can be proposed that increasing the crosslink density increased the

molecular weight of amorphous polymer and consequently shifted the phase diagram to the lower
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temperatures at melt state. Therefore, in 50/50 and 40/60 systems which are near the boundary of phase
separation, ACM chains have the ability to expel out of the crystal growth front and decreases the
amorphous layer thickness. Nevertheless, 20/80 sample is deep into miscible region and due to a very
slow diffusion of crosslinked ACM chains between the PVDF lamellae, phase separation does not
happen. Therefore, the liquid-liquid phase separation facilitated the liquid-solid phase separation in 50/50
and 40/60 systems. This is not the case for 20/80 sample due to being fully miscible.

It is worth to mention that Figure 1. has been plotted at the quiescent condition, but in the mixer, blend is
under complex flow filed of the rotating blades. Therefore, according to the Figure 1. at 205 °C (working
temperatures of mixer) 50/50 and 40/60 samples are completely into phase separated region, while as
mentioned above they are fully miscible. Hence it suggests the presence of another important factor that
has affected the system morphology and its processability and that is the effect of shear rate on system
phase diagram at mixing condition. It seems that complex flow field of the Brabender mixer shifts the
phase diagram to the higher temperatures. There are many reports in the literature on the effect of simple
shear flow on phase miscibility/ immiscibility of the polymer blends (31-39), however, to the best of our
knowledge it is the first time that the effect of shear rate at complex flow filed is reported. Figure 11.
shows the schematic effects of the shear rate and crosslink density on the system phase diagram .
According to our observation, in this system complex flow field of the mixer tends to enhance the
miscible region while increasing the crosslink density which is related to the increase in the molecular
weight tends to reduce the miscible region. Therefore, shear rate and crosslink density have played
counter role in the dynamic condition during the mixing process. Given this hypothesis, interpretation of
the behavior of the dynamically vulcanized PVDF/ACM system is very simple. Keeping this hypothesis
in mind, Table 2 presents the observed morphology and processability of the system.

Dynamic vulcanization of PVDF/ACM blend has shown a very complex behavior. Three factors of
dynamic vulcanization, flow filed (liquid-liquid phase separation) and crystallization (liquid-solid phase
separation) play different roles in final morphology, crystal structure and processability of the system. It

was not possible for us to weight each factor or separate their effects, however, further investigation of
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this system using scientific equipment which provides in-situ analysis during melt mixing and dynamic
vulcanization can provide valuable information on dynamic phase decomposition of macromolecular

blends.

Conclusion

Effects of dynamic vulcanization on morphology, processability and crystalline structure of the partially
miscible blend of PVDF/ACM were investigated. The resulted morphology was unique; dynamic
vulcanization for samples near the phase separation boundary led to the nano-phase separated structure
while samples deep into miscible region did not show any sign of phase separation. It was demonstrated
that increasing the crosslink density induce phase separation by increasing the immiscible region and by
rejection of ACM chains from PVDF lamellae when there is a strong drive for phase decomposition.
Investigation of shear filed on phase decomposition showed that this parameter induce miscibility in the
polymer system. It has been shown that three parameters of dynamic vulcanization, flow filed and
crystallization are the main factors governing the morphology, processability and crystalline structure of

the PVDF/ACM system.
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Figure 1. Phase diagram of PVDF/ACM blends in quiescent condition.
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Figure 2. Mixing torque vs mixing time for dynamically vulcanized samples with 1phr sulfur.
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Figure 3. photograph of a) 80/20-C1, b) 50/50-C3, c¢) 50/50-C1/220, d) 50/50-C2, ¢)20/80-C1 and
)20/80-C3 after dynamic vulcanization.
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Figure 4. Mixing torque vs mixing time for dynamically vulcanized miscible blends with various crosslink
densities.
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Figure 5. SEM micrographs of different miscible and partially miscible samples before and after dynamic
vulcanization with 1 phr sulfur a)80/20 sample, b) 80/20-C1 sample, C)50/50 sample, d)50/50-C1
sample, e) 20/80 sample, f) 20/80-C1 sample. Insets show higher magnification photos.
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Figure 6. SEM micrographs of miscible samples dynamic vulcanization with 3 phr sulfur with different
magnification a)50/50-C3 sample, b) 40/60-C3 sample, C)20/80-C3 sample. Insets show higher
maghnification photos.
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Figure 7. 50/50 blend dynamically vulcanized at 220°C with 1phr sulfur (50/50-C1/220 sample) a) Mixing
torque vs mixing time b) SEM images
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Figure 9. a) Lorentz corrected SAXS patterns of 50/50 sample with different crosslink density, b) linear
correlation functions for of 50/50 sample with different crosslink density.
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Figure 10. Variations of lamellar parameters as a function of crosslink density for miscible samples of
50/50 filed symbols( A ¢m), 40/60 cross symbols(+x[1) and 20/80 open symbols(AdD).
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Figure 11. Schematic effects of Shear rate and crosslink density on phase diagram of PVDF/ACM blend



Table 1. Details of prepared samples
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Sample PVDF(wt%) ACM(Wt%) Sulfur(phr) Brabender setting temperature(°C)
PVDF 100 0 0 190°C
80/20 80 20 0 190°C
60/40 60 40 0 190°C
50/50 50 50 0 190°C
40/60 40 60 0 190°C
20/80 20 80 0 190°C

80/20-C1 80 20 1 190°C
60/40-C1 60 40 1 190°C
50/50-C1 50 50 1 190°C
40/60-C1 40 60 1 190°C
20/80-C1 20 80 1 190°C
50/50-C2 50 50 2 190°C
40/60-C2 40 60 2 190°C
20/80-C2 20 80 2 190°C
50/50-C3 50 50 3 190°C
40/60-C3 40 60 3 190°C
20/80-C3 20 80 3 190°C
50/50-C1/220 50 50 1 220°C
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Table 2. Summary of torque and related morphology for samples studied.

sample Brabender | Miscibility statue of the | Torque status Melt Observed
mixer initial PVDF/ACM after addition | processability morphology
setting blends (without curative) | of curatives
temperature | at quiescent condition at
room temperature
80/20-C1 190°C Partially miscible increased YES Vulcanized ACM
domains in
PVDF matrix
60/40-C1 190°C Partially miscible increased YES Vulcanized ACM
domains in
PVDF matrix
50/50-C1 190°C Miscible decreased NO nanometer
droplets of ACM
were phase
separated
40/60-C1 190°C Miscible decreased NO porous structure
20/80-C1 190°C Miscible decreased NO porous structure
50/50-C3 190°C Miscible increased YES Vulcanized ACM
domains in
PVDF matrix
40/60-C3 190°C Miscible decreased NO nanometer
droplets of ACM
were phase
separated
20/80-C3 190°C Miscible decreased NO porous structure
50/50-C1 220°C Miscible increased YES Submicron
vulcanized ACM
domains in

PVDF matrix




