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ABSTRACT: A miscible polymer/polymer system, poly(vinylidene fluoride) (PVDF)/acrylic rubber (ACM), was
subjected to dynamic vulcanization to yield an oil- and heat-resistant thermoplastic elastomer (TPE). The
morphology of the TPE has been investigated by small-angle X-ray scattering (SAXS), dynamic mechanical
analysis (DMA), and transmission electron microscopy (TEM). It was shown that phase decomposition occurs
during the dynamic vulcanization process and that the TPE consists of a PVDF-rich matrix and ACM-rich cross-
linked particles of submicron diameter in which PVDF crystal lamellae are well developed. The TPE displayed
excellent mechanical properties, namely, high tensile strength, large elongation at break, and excellent strain
recovery from the highly deformed state. It also showed excellent oil and heat resistance. The formation of
PVDF lamellae in ACM-rich particles may be the reason for the excellent oil resistance.

1. Introduction

Thermoplastic elastomers (TPEs) generated by dynamic vul-
canization have attracted much attention because these materials
have the processing characteristics of thermoplastics and the
elastomeric characteristics of thermoset rubbers.1-9 The dynamic
vulcanization of an immiscible rubber/plastic system leads to a
two-phase material in which cross-linked rubber particles are
dispersed in the plastic matrix. Such morphology generation is
prerequisite for TPE; i.e., the plastic component should be the
matrix to provide the melt processability.

Recently, we have found that poly(vinylidene fluoride)
(PVDF) is miscible with acrylic rubber (ACM) in an ACM-
rich system and partially miscible in a PVDF-rich system.10 A
static vulcanization of the single-phase mixtures would result
in a three-dimensionally cross-linked material which cannot be
processed by melt processing methods.11,12 In contrast, the
dynamic vulcanization is expected to induce phase decomposi-
tion because (i) at the early stage of vulcanization a microgel
(loosely cross-linked domain) is usually formed, (ii) the gel
would be hardly coalescence with each other under high shear
forces (dynamic state), (iii) the increase in molecular weight
and the cross-linking are unfavorable for the polymer-polymer
miscibility so that the non-cross-linkable PVDF chains in the
microgel particles would be forced to get out, and (iv) the phase
decomposition would proceed during the dynamic vulcanization
to result in the ACM-rich cross-linked particles and the PVDF-
rich non-cross-linked matrix. This morphology may be desirable
for TPE. This is why we tried the dynamic vulcanization of a
miscible PVDF/ACM system. To the best of our knowledge,
this is the first trial on the dynamic vulcanization of a miscible
polymer/polymer system.

2. Experimental Section
2.1. Materials and Sample Preparation.The PVDF and ACM

samples used were commercially available KF850 (Kureha Chemi-
cals, Japan) and AR32 (Nippon Zeon Co., Ltd.), respectively.
Curative, hexamethylenediamine carbamate (HMDC), was supplied
by Rhein Chemie Co., Ltd. All the polymers were dried in a vacuum
oven at 80°C for at least 12 h before processing. The blends without
adding curative were prepared using a Brabender-type plastic mixer
(Toyoseiki Co., KF70V) with a twin screw at a rotation speed of
100 rpm at 190°C for 10 min. After blending, all the samples were
hot-pressed at 200°C to a sheet, followed by quenching in ice water.
For the preparation of TPE, various amounts of HMDC were added
after a 10 min mixing of PVDF and ACM with the same mixer.
The mixing was then continued for another 5 min. The melt-mixed
sample was then collected and hot-pressed at 200°C to a sheet,
followed by quenching in ice water. The obtained sheets were used
for further characterization and property measurements.

2.2. Structural Characterization. Dynamic mechanical analysis
(DMA) was carried out with a RHEOVIBRON DDV-25FP (Ori-
entec Corp.) in the tensile mode. Dynamic loss (tanδ) was
determined at a frequency of 1 Hz and a heating rate of 3°C/min
as a function of temperature from-150 to 120°C.

Small-angle X-ray scattering (SAXS) patterns were obtained
using microfocused Cu KR radiation (45 kV, 60 mA) generated
by an X-ray diffractometer (Rigaku Ultrax 4153A 172B) and an
imaging plate detector. The exposure time was 6 h for each
measurement.

Phase structure was observed by transmission electron micros-
copy (TEM) (Hitachi H7000) operating at an acceleration voltage
of 75 kV. The blended samples were ultra-microtomed at-120
°C to a section with a thickness of about 70 nm. The sections were
then stained using ruthenium tetroxide (RuO4) for 20 min.

Differential scanning calorimetry (DSC) was carried out under
nitrogen flow at a heating or cooling rate of 10 K/min with a Perkin-
Elmer DSC-7 differential scanning calorimeter calibrated with the
melting temperatures of indium and zinc. Crystallinity (øc) was
calculated from the heat of fusion during heating, on the basis of
the heat of fusion of 105 J/g for a perfect PVDF crystal.13

A polarized optical micrograph (POM) was obtained under
crossed polarizers from thin microtomed sections with the thickness
about 10µm by Olympus BX51.
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2.3. Physical Property Measurements.The tensile test was
carried out according to the ASTM D 412-80 test method using
dumbbell-shaped samples punched out from the molded sheets. The
tests were performed using a tensile testing machine, Tensilon
UMT-300 (Orientec Co., Ltd.), at a crosshead speed of 500
mm/min at 20°C and 50% relative humidity. The strain recovery
test was also performed as follows: After the preset strain (100%
elongation) was attained, the crosshead was returned at the same
speed as that when stretching until zero stress was reached.

The heat resistance of TPE was evaluated by measuring the
retention of physical properties after a prolonged exposure to hot
air. The punched dumbbell-shaped samples were placed in an air
oven at 140°C for 2 weeks. The aged samples were subjected to
tensile and strain recovery measurements.

Oil swelling was measured by immersing the samples in toluene
at room temperature. Circular samples of 20 mm diameter were
punched from the molded sheets with the thickness of about 1-2
mm. After the specified swelling time, the specimens were removed
from the solvent and the thickness of the swollen samples was
measured. The degree of swelling,q, was estimated as

wherelo is the original thickness of the sample before immersion
andlt is the thickness measured after the specified time of swelling.

3. Results

3.1. Miscibility and Crystal Morphology of PVDF/ACM
Blends without Dynamic Vulcanization.Figure 1 shows plots
of the dynamic loss (tanδ) by DMA as a function of temperature
for neat PVDF, neat ACM, and PVDF/ACM blends (50/50 and
40/60 w/w ratios). A very broad relaxation peak at about 100
°C and a sharp relaxation peak at-40 °C are observed for the
neat PVDF. The former relaxation peak is associated with the
molecular motions in crystalline regions, whereas the latter one
is assigned to the motion of the main chain in amorphous
regions; thus, it is regarded as the glass transition temperature
(Tg).14,15 The ACM displays a strong tanδ peak at-12.8 °C,
which corresponds to theTg of ACM. The blends with 50%
and 60% ACM show only one glass transition temperature,
which is between theTgs of the PVDF and ACM. These results
indicate that the blends are of single-phase nature in amorphous
regions. With increasing ACM content, the glass transition
temperature increases.

Figure 2 displays the Lorentz-corrected SAXS profiles of the
neat PVDF and PVDF/ACM blends used for TPE. The SAXS
intensity was normalized by thickness and exposure time after

subtracting air scattering from the observed profiles. The neat
PVDF exhibits a weak scattering peak atq ) 0.55 nm-1,
corresponding to a crystal long period ofL ) 11.4 nm. On the
other hand, both blends show a very strong and symmetric
scattering peak at aboutq ) 0.25 nm-1, corresponding to a
crystal long period ofL ) 25.1 nm. The scattering intensity

Figure 1. Tanδ vs temperature for neat PVDF, neat ACM, and PVDF/
ACM blends.

q )
lt - lo

lo
× 100

Figure 2. Lorentz-corrected SAXS profiles for neat PVDF and PVDF/
ACM blends for TPE.

Figure 3. Mixing torque vs mixing time for PVDF/ACM 50/50 blend
with addition of the indicated curative content.

Figure 4. Photograph of the injection-molded dumbbell-shaped TPE
samples.
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enhancement can be attributed to the incorporation of ACM
molecular chains in the regions between the individual PVDF
lamellae. Since the electron density of the ACM is much lower
than that of the amorphous PVDF, the insertion of ACM
between individual PVDF lamellae would inevitably enhance
the electron density contrast between the crystalline and
amorphous layers and consequently gives rise to stronger
scattering intensity. On the other hand, the crystal long period
is also greatly increased from 11.4 to 25.1 nm by the incorpora-
tion of ACM chains into the PVDF lamellae. The incorporation
of ACM in the amorphous region between PVDF lamellae
supports the miscibility between ACM and PVDF.

3.2. Dynamic Vulcanization and Melt Processability.
Throughout the blending of PVDF and ACM and the dynamic

vulcanization of the resulting blend in the batch mixer, the
mixing torque was recorded. The mixing torque as a function
of mixing time with various curative amounts is presented in
Figure 3. Note here that curative was added after a 10 min
mixing of PVDF and ACM. A large increase in torque is
observed with the addition of curative, indicating the cross-
linking of ACM rubber. A higher curative content results in a
stronger increase in mixing torque, suggesting a higher cross-
link density. As shown in Figure 3, the mixing torque levels
off eventually. This indicates that the system is still melt-
processable even after the dynamic vulcanization of the miscible
blend. Actually, the dynamically vulcanized sample was suc-

Figure 5. TEM images of the PVDF/ACM blends dynamically vulcanized with (a) 0, (b) 0.2, (c) 0.4, and (d) 0.8 wt % curative.

Figure 6. Tan δ vs temperature for PVDF/ACM blends dynamically
vulcanized with indicated curative content. Figure 7. Lorentz-corrected SAXS profiles for PVDF/ACM blends:

(a) nonvulcanized, (b) dynamically vulcanized with 0.4 wt % curative,
and (c) dynamically vulcanized with 0.8 wt % curative.
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cessfully melt-pressed to a thin sheet. In addition, the dynami-
cally vulcanized TPE can also be processed by normal melt
processing methods, such as extrusion and injection molding.
Figure 4 shows a photograph of the dumbbell-shaped samples
from the TPE produced using injection molding. Moreover, the
system was nicely reprocessed for several times: the molded
sheet was ground and then melt-pressed to sheet; this was
successfully repeated four times.

3.3. Morphology of Dynamically Vulcanized PVDF/ACM
Blends.The melt-processability of the dynamically vulcanized

blends may imply that the matrix should consist of the
thermoplastic PVDF or PVDF-rich phase. In other words, the
phase decomposition is expected by the cross-linking of ACM
from the single-phase blend. The phase structures of the PVDF/
ACM initial blend and the dynamically vulcanized TPE as
observed by TEM are shown in Figure 5. The initial blend shows
a homogeneous phase morphology with small PVDF spherulites
dispersed inside, as shown in Figure 5a. This indicates that
PVDF and ACM form a one-phase mixture before the dynamic
vulcanization, as also displayed by DMA results. However, for
the dynamically vulcanized samples, a phase-separated structure
can be clearly observed. ACM is observed as the dark phase
and PVDF is observed as the bright phase because ACM is
more easily stained by RuO4 than PVDF. It is seen that cross-
linked ACM particles of submicron diameter are dispersed in
the PVDF matrix. In the PVDF matrix, many ACM domains
with the size of several tens of nanometers are observed. In
ACM particles, PVDF crystal lamellae are seen. The thick
lamellae are well developed to several hundred nanometers in
length. Note that lamellae are hardly observed in the PVDF
matrix because PVDF cannot be stained by RuO4. In addition,
it is interesting to note that the phase contrast between PVDF
matrix and ACM particles increases with increasing curative
content from 0.2 to 0.8 wt % based on both polymers, suggesting
a higher degree of phase decomposition as a result of a higher
cross-link density caused by loading larger amounts of curative.

3.4. Miscibility and Crystal Morphology of Dynamically
Vulcanized PVDF/ACM Blends. Figure 6 shows the temper-
ature dependence of tanδ for the dynamically vulcanized PVDF/
ACM blends with various curative contents. Only one relaxation
peak at-17.5°C is observed for the PVDF/ACM blend without
curative, indicating a miscible state between the ACM and
PVDF amorphous region. The peak shifts to a higher temper-
ature with increasing the curative content. For the TPE with
0.8 wt % curative, the relaxation peak is at-13 °C, which is
almost same as theTg of the neat ACM. On the other hand, a
small relaxation shoulder can be discerned at-35 °C for the
TPE with a high curative loading content. The shoulder appears

Figure 8. DSC heating and cooling diagrams of the PVDF/ACM
blends with (a) 0, (b) 0.2, (c) 0.4, and (d) 0.8 wt % curative.

Figure 9. Strain-stress curves for the PVDF/ACM TPEs dynamically
vulcanized with (a) 0, (b) 0.2, (c) 0.4, and (d) 0.8 wt % curative.

Figure 10. Strain recovery curves for PVDF/ACM TPEs dynamically
vulcanized with (a) 0, (b) 0.4, and (c) 0.8 wt % curative.

Table 1. Comparison for Physical Properties of the PVDF/ACM
TPE before and after Aging at 140°C for 2 Weeks

tensile
strength
(MPa)

modulus
(MPa)

elongation
at break

(%)

residual
strain
(%)

swell in
toluene

(%)

before aging 14.9 25.6 351.5 27.5 23.2
after aging at
140°C, 2 weeks

16.2 28.9 342 26.3 21.5
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near theTg of the neat PVDF. This suggests that the matrix is
almost pure PVDF. Referring to the TEM results in Figure 5,
it should be noted that the matrix consists of the neat PVDF
and the segregated ACM domains. Therefore, the DMA results
indicate that the phase decomposition took place by the cross-
link reaction. In addition, the broad relaxation peak from PVDF
crystalline region at about 100°C disappears for the sample
with 0.8 wt % curatives. This may be attributed to the greatly
fragmented PVDF crystals for this highly cross-linked sample
(see Figure 13c in the Discussion section).

Figure 7 displays the Lorentz-corrected SAXS profiles of the
dynamically vulcanized PVDF/ACM blends with various cura-
tive contents. Several characteristic changes with increasing the
curative content are observed. First, the scattering intensity
decreases progressively with increasing the curative content.
This indicates that the electron density difference between the
crystalline and amorphous regions decreases, implying that the
ACM molecules are expelled out from the PVDF amorphous
region between adjacent lamellae by the cross-linking of ACM

during the dynamic vulcanization process. Second, the scattering
peak of the dynamic vulcanized PVDF/ACM blends shifts from
q ) 0.25 nm-1 for the initial blend toq ) 0.31 nm-1 for the
TPE with 0.8 wt % curative. It means that the average crystal
long period of PVDF decreases from 25.1 to 20 nm by the
dynamic vulcanization. The decreasing of the crystal long period
again indicates the expulsion of ACM chains from the amor-
phous region of PVDF. Finally, the shape of the scattering peak
becomes broader for the dynamic vulcanized TPE as compared
with that without curative, indicating a wider distribution of
the long period of PVDF crystals, in other words, less ordered
lamellar spacing.

Figure 8 presents DSC curves for the dynamically vulcanized
PVDF/ACM blends during heating and cooling at a rate of 10
K/min. PVDF crystallinity (øc) for each sample was calculated
from the heat of fusion during heating and is shown in Figure
8a. PVDF crystallinity decreases with increasing the cross-link
density for TPE, which is consistent with the SAXS results in
Figure 7. On the other hand, the samples with 0.4 and 0.8 wt
% curative show very broad melting and crystallization peaks
compared with the initial blend, indicating more than one type
of PVDF crystals located in TPEs.

3.5. Physical Properties of TPE.Figure 9 shows the stress-
strain curves for TPEs with various curative contents. Both
tensile strength and elongation at break increase with increasing
curative content. Thus, the tensile properties are improved by
increasing the cross-link density of the rubber phase. However,
a high cross-link density results in the poor processability of
TPEs, as shown in Figure 3 with the increase in mixing torque.

Figure 10 presents the stress-strain recovery behavior of the
TPEs with different cross-link densities. The TPEs show
excellent elastic recovery. The residual strain is less than 30%,
which is smaller than that of the commercialized PP/EPDM TPE
with extension oil.16 A higher cross-link density of the ACM
phase provides a slightly higher elasticity.

Table 1 shows a comparison of the physical properties of
the TPE with 0.8 wt % curatives before and after aging at 140
°C for 2 weeks in an air oven. One can see that there is almost

Figure 11. Swelling in toluene for the PVDF/ACM TPEs dynamically
vulcanized with (a) 0, (b) 0.4, and (c) 0.8 wt % curative.

Figure 12. Schematic diagram of dynamic vulcanization-induced phase decomposition and the morphology of the TPE (red part indicates the
ACM and the green part indicates PVDF).
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no change in tensile strength or elongation at break with the
aging. The strain recovery is improved by the aging. Thus, an
excellent retention of tensile properties after high-temperature
aging suggests an excellent heat resistance of the TPE.

Figure 11 shows the swelling behavior of the TPE. The degree
of swelling is shown as a function of the time of immersion in
toluene at room temperature. The TPE swells in toluene by less
than 40% depending cross-link density, which is much lower
than the degree of swelling (157-263%) of the commercialized
PP/EPDM TPE.17 By increasing curative content, the degree
of swelling decreases markedly.

4. Discussion

A new TPE has been successfully prepared by the dynamic
vulcanization of the miscible PVDF/ACM blend. The obtained
TPE has a complex morphology in which many ACM nano-
domains are dispersed in the PVDF matrix and PVDF crystal
lamellae are located in the cross-linked ACM particles. Figure
12 shows a schematic drawing of the cross-link induced phase
decomposition process and the morphology of the dynamically
vulcanized PVDF/ACM TPE. The miscibility between PVDF
and ACM is expected to be caused by the specific interaction
between the CF2 dipole of PVDF and the carbonyl group of
ACM, as in the case of PVDF blends with many polymers
containing carbonyl groups.18-22 A cross-link reaction imposed
on ACM might disturb this specific interaction and lead to phase
decomposition. In addition, the cross-linking of ACM causes a
significant molecular weight increase for ACM. This leads to a
decrease in the entropy of mixing, which is unfavorable for the
miscibility.23-26 These may be the reasons for the phase
decomposition by the cross-link reaction. However, partial
miscibility seems to still be preserved after the dynamic
vulcanization in the melting state. During the subsequent cooling
to room temperature, PVDF chains crystallize and segregate
out as crystal lamellae in ACM particles, and a small amount
of ACM is expelled out during the crystallization of PVDF as
the nanodomains in the PVDF matrix, as seen in Figure 5.

The PVDF-rich matrix provides the melt processability of
the final TPE. A small amount of ACM in the matrix may play
an important role in the excellent strain recovery properties of
TPE. It is considered that the ACM may act as impurity to
render the smaller and less ordered spherulites of PVDF, which
suffer the less plastic deformation of PVDF matrix. That is,
the small amount of ACM is expected to make the matrix more
elastic, as compared with neat PVDF. It is well-known that the
neat PVDF crystallizes into big and ordered spherulites and
shows clear yielding and very poor strain recovery after plastic
deformation. By contrast, the small amount of ACM in the
PVDF matrix causes fragmented crystallites and makes the
PVDF spherulites more deformable. Figure 13 shows POM
photographs of neat PVDF, PVDF/ACM blend with only 1%
ACM, and the TPE with 0.8 phr curative. The mechanical
properties of the corresponding neat PVDF and PVDF/ACM
99/1 blend are shown in Figure 14. Large spehrulites are clearly
observed in the neat PVDF (Figure 13a), which show a high
modulus (1.40 GPa), a clear yielding, and a low elongation at
break (95%) during stretching (Figure 14a). In contrast, the

Figure 13. Optical micrographs of (a) neat PVDF, (b) PVDF/ACM
(99/1) blend, and (c) PVDF/ACM TPE with 0.8 wt % curative (thin
sections were cut through the thickness direction of the hot pressed
films).

Figure 14. Strain-stress curves for (a) neat PVDF and (b) PVDF/
ACM 99/1 blend.
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PVDF crystallizes into much smaller and disordered spherulites
with the addition of even only 1% ACM, as shown in Figure
13b. The blend displays a lower modulus (0.99 GPa) and a larger
elongation at break (145%) than the neat PVDF. On the other
hand, the dynamically vulcanized TPE gives even smaller and
less ordered spherulites than the PVDF/ACM 99/1 blend, as
shown in Figure 13c. Therefore, the PVDF matrix containing
ACM is less plastic and more elastic than the neat PVDF; it
provides a significant contribution to the mechanism of excellent
strain recovery of the TPE.

5. Conclusion

We have succeeded in preparing a novel thermoplastic
elastomer from a miscible PVDF/ACM blend. Phase decom-
position in the miscible PVDF/ACM blend is induced by the
cross-linking of ACM during the dynamic vulcanization process.
The obtained TPE has a unique morphology: the matrix consists
of disordered PVDF spherulites and a small amount of ACM
nanodomains, while the dispersed particles are cured ACM with
well-developed PVDF crystal lamellae inside. This TPE has
excellent physical properties, namely, high elongation at break,
nice strain recovery, and excellent heat and oil resistances.
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